Electrosynthetic and other studies of sulfur imides and aromatic thiazenes by Clarke, H. G.
Durham E-Theses
Electrosynthetic and other studies of sulfur imides and
aromatic thiazenes
Clarke, H. G.
How to cite:
Clarke, H. G. (1974) Electrosynthetic and other studies of sulfur imides and aromatic thiazenes, Durham
theses, Durham University. Available at Durham E-Theses Online: http://etheses.dur.ac.uk/8276/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Oﬃce, Durham University, University Oﬃce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
ELECTROSYNTHETIC AND OTHER STUDIES OF 
SULFUR IMIDES AND AROMATIC THIAZENES 
by 
H.e;. CLARKE, B.Sc. 
A t h e s i s submitted f o r the degree of Doctor o f Philosophy i n the 
U n i v e r s i t y o f Durham 
September 1974 
6 D E C 1974 
HE0T10* 
LIBRA 
Acknowledgments 
The author wishes t o express h i s g r a t i t u d e t o Sr. A.J. Ban i s t e r , 
under whose super v i s i o n t h i s research v/as c a r r i e d o u t , f o r h i s u n f l a g g i n g 
enthusiasm, constant i n t e r e s t and valuable advice throughout the whole 
p e r i o d of study. 
My thanks are a l s o due t o the Science Research Council and 
Staveley Chemicals L i m i t e d f o r p r o v i d i n g a research g r a n t , t o the Senate 
of the U n i v e r s i t y of Durham f o r research f a c i l i t i e s , t o many o f the 
departments t e c h n i c a l s t a f f and t o Dr. O.R. Brown o f Newcastle U n i v e r s i t y , 
f o r assistance i n the research, and t o Staveley Chemicals L i m i t e d f o r 
valuable i n d u s t r i a l experience. 
F i n a l l y , my thanks are due t o Mrs. Janet Dunford, f o r the many 
hours spent i n t y p i n g t h i s t h e s i s . 
Memorandum 
The work described i n t h i s t h e s i s was c a r r i e d out i n the U n i v e r s i t y 
of Durham "between September 1970 and September 1973* apart from:-
( i ; a p e r i o d i n December 1970 a t Newcastle U n i v e r s i t y , 
studying the e l e c t r o l y t i c r e d u c t i o n o f t e t r a s u l f u r 
t e t r a n i t r i d e i n organic s o l v e n t s , and 
(ii) three months between J u l y and September 1972 a t 
Staveley Chemicals L i m i t e d (See Chapter 8 ) . 
The work described i n t h i s t h e s i s has not been submitted f o r any other 
degree and i s the o r i g i n a l work o f the author, except where acknowledged by 
reference. Parts o f t h i s t h e s i s have been the subjects of the f o l l o w i n g 
p u b l i c a t i o n s : -
1. Banister, A.J., and Clarke, H.G. 
"The Preparation of Cyclopentathiazenium (S^N^ +) S a l t s and some 
Observations on the S t r u c t u r e of t h e Cyclopentathiazenium Cation". 
J. Chem. Soc. D a l t o n , 1972, 2£, 266l. 
CA. 1973, 18, 23432s. 
2. Zahradnik, R., Ban i s t e r , A.J., and Clarke, H.G. 
" E l e c t r o n i c Spectrum o f the Pe n t a t h i a z y l Cation". 
C o l l e c t . Czech. Chem. Communs., 1973, j5§, 998. 
CA. 1973, J_9_, 36830r. 
3. B a n i s t e r , A.J., and Clarke, H.G. 
"Preparation of Cyclopentathiazenium (S,-N,-+) S a l t s " . 
Inorganic Synthesis ( i n p r e s s ) . 
4. Banister, A.J., Clarke, H.G., Raimant, I . , and Shearer, H.M.M. 
"The S t r u c t u r e of T h i o d i t h i a z y l C h l o r o d i s u l f a t e , (S^Ng SgOgCl), and 
i t s Preparation from T h i o d i t h i a z y l Monochloride, S^N^Cl". 
J. I n o r g . Nuclear Chem. ( i n press) 
- ( i i i ) -
To my Mother and Father 
"Great are the works of the Lord, 
s t u d i e d "by a l l who have pleasure i n them". 
Psalm 111, v. 2 
- ( i v ) -
A bstract 
This t h e s i s describes the work c a r r i e d out by the author between 
September 1970 and September 1973. 
The e l e c t r o l y s i s products o f s u l f u r and 3^N^ i n l i q u i d ammonia, and 
S^N^ i n organic solvents were st u d i e d w i t h a view t o d e v i s i n g improved routes 
t o S^NH, S^(NH)^ and other imides. The react i o n s o f these tv/o compounds as 
model s u l f u r imides were a l s o i n v e s t i g a t e d . 
A d d i t i o n r e a c t i o n s o f (NSCl)^ were studied because i t i s the cheapest 
source of SN and NSC1 fragments, and because i t was hoped t o convert the imides 
i n t o SN compounds w i t h e x o c y c l i c S-Cl bonds. I t was found t h a t (NSCl)^/metal 
c h l o r i d e adducts behaved as a source of NS + ions i n t h i o n y l c h l o r i d e s o l u t i o n , 
+ + 
which reacted w i t h SC1_ and S.N. t o form the cations S nNCl_ and S,-Nc 
2 4 4 2 2 5 5 
r e s p e c t i v e l y . The s t r u c t u r e s o f these two cations were discussed, i n p a r t i c u l a r 
the s t r u c t u r e and r e a c t i o n s o f S CN C + as a member of t h e " e l e c t r o n r i c h " aromatic 
5 5 
s e r i e s o f s u l f u r - n i t r o g e n compounds. Other as yet unknown species were 
p r e d i c t e d as also being members o f t h i s s e r i e s , and t h e i r p o s s i b l e s t a b i l i t y 
and p r e p a r a t i v e routes discussed. 
A study was also c a r r i e d out on the l i t t l e i n v e s t i g a t e d compound 
"S^NgCl". The c h l o r o d i s u l f a t e d e r i v a t i v e : - S^N^2+ (ClS 20g~) 2 - was prepared, 
and the s t r u c t u r e (obtained from x-ray c r y s t a l l o g r a p h i c studied) discussed w i t h 
reference t o the unusual bonding observed i n t h i s compound. 
F i n a l l y , a summary o f the work c a r r i e d out a t Staveley Chemicals 
L i m i t e d i s included. 
- ( v ) -
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INTRODUCTION 
CHAPTER 1 
- 1 -
Introduction 
The introductory chapter to t h i s thesis i s rather longer than would 
be normal, since i t includes reviews on a large number of sulfur-nitrogen 
.compounds, most of which ha.VR been studied. In t h i s _ t h e s i s , A background-
knowledge of t h e i r properties and reactions i s of value i n understanding 
t h e i r role i n the reactions described i n the remainder of the thesis. Since 
sulfur-nitrogen-fluorine, sulfanuric halides and related compounds, have not 
been studied i n t h i s thesis, they are only referred to i n passing. Overlap 
with the remaining chapters of the thesis i s kept to a minimum by cross-
referencing. 
The introductory review i s based on information available up to 
August 1973» v/ith some additions made p r i o r to submission f o r typing. 
S^ N^  reviews have been wr i t t e n by Allen,''' Becke-Goehring,^'^'^ 
c £ n 8 9 
Christopher, Emeleus, Goehring, and Heal. ' Sulfur-nitrogen halogen 
compounds have been reviewed by d e n i s e r , " ^ ' ^ ' ^ ' ^ and sulfur-nitrogen 
reviews have also been w r i t t e n by Allcock,"^ Becke-Goehring,''"^ Gmelin,'''^ 
17 18 19 Glemser, Haiduc, and Schmidt. 
6 DEC 1974 
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(A) Tetrasulfur Tetranitride S,N, 4~4 
1 . Physical Properties 
20 21 
Tetrasulfur t e t r a n i t r i d e (S^N^) i s formed as monoclinic crystals, * 
16 22 
of density 2 .20-2.23 s/cct ' whose colour varies with temperature. I t i s 
nearly colourless at =190°C, bright yellow at -30°G, orange-yellow at room 
temperature (20°C}, orange-red at 100°C and dark red at higher temperatures. 2^ 
The colour changes above room temperature have been a t t r i b u t e d to the Boltzman 
e f f e c t . 2 ^ Crystals of S^ N^  have the property of being b i r e f r i n g e n t , with 
o r 
r e f r a c t i v e indices of 1.908 and 2 .046. J 
^4^4 usua-'--'-y m e l t s between 178° and 179°C,?»21f22,26 j } 0 w e v e r > 
repeated r e c r y s t a l l i s a t i o n s from benzene, or by p u r i f i c a t i o n on an alumina 
chromatographic column, melting points as high as 187°-187.5°C have been 
26 
obtained. The main impurity i s usually s u l f u r , which i s formed during the 
22 
preparations of S^ N^ , and which depresses the melting point. ^4^4 * s 
p o t e n t i a l l y explosive due to i t s endothermic nature. (Standard heat of 
formation flHf0 = + 110.0 - 2 .0 K.cal.mole" 1 = 46O - 8 KJ mole" 1). 2" 7 I t can 
detonate on shock or on heating above 195°C, and so should be handled with 
care, especially since i t s s e n s i t i v i t y towards shock and temperature increases 
with p u r i t y . 2 ^ ^4^4 c a n ^ e s u ^ l i m e ^ a^ 100°C and 10 m^m mercury pressure.2"'' 
28 
£>4^4 has a dipole moment of 0.52 (benzene,) and 0.72 {CS^) (Debye u n i t s ) . 
However, by correcting f o r atomic polarisation (from the comparison with Sg), 
the true dipole moment must be much less than 0.5D» and i s probably zero, as 
23 28 
required by the symmetry of the structure. ^4^4 ^ a s a m o ^ a r s u s c e p t i b i l i t y 
% = -102 x 10 ^/mole which i s considered as evidence of a diamagnetic r i n g 
^ 24 current. 
S^ N^  can be p u r i f i e d by chromatography using dried alumina or s i l i c a gel 
29 30 as the column adsorbent, and benzene, carbon tetrachloride or carbon d i s u l f i d e 
as elutant. (See experimental section, Chapter 2 ) . 
S^ N^  i s a i r stable, and i s insoluble and not wetted by water, but i s 
16 22 
soluble i n a wide range of organic solvents. ' 
e.g. Solvent S o l u b i l i t y moles/lOOOg solvent 
Dioxane 18°C 0 . 2 0 60°C 0 . 2 3 2 2 ' 5 1 
^ 2 
n m.cc 
W.UlJ J J\J V 
n _/M;!7.2 w 1 > 22 
Benzene o°c 0.0137 30°C 0.0526 60°C 0.121 
Ethanol o°c 0.0043 20°C 0.0072 50°C 0.0116 
Tetrasulfur t e t r a n i t r i d e i s also appreciably soluble i n l i q u i d 
32 33 34 
ammonia, i n which i t forms an- ammoniate of composition: S^ N^ , 2NH^ . 
36 37 
I t i s i d e n t i c a l to the ammoniate formed by ^ a s ^ e e n f°rmula'ted as 
H.NiSiN.S.NHg. The solutions of S^ N^  i n ammonia are f a i r l y strong electrolytes 
(See Chapter 3 i S^ N^  i n l i q u i d ammonia). 
The u l t r a v i o l e t , 2 ^ ' ^ 8 v i s i b l e , 2 ^ near^"L and f a r i n f r a r e d , ^ Raman^'^ 
and ^^TS nmr2^ spectra f o r S^ N^  have been recorded. (See also section on S„N 
structure, t h i s Chapter). U l t r a v i o l e t and v i s i b l e spectrum: 2^ 
max. (kK) £. max. Assignment 
^ 2 4 . 5 est. 250 
~ 30 .6 est. 1000-2000 A; —>B 
3 3 , 3 5 , 3 6 
32 
2 
.1 
(or Bt < ) 
38 .9 19000 
^ 4 0 . 0 ~ 5500 
> 5 4 . 0 > 6000 
B: E 
6 -system 
6 -system 
4 4 
Comments 
Vibronic shoulder 
Shoulder 
Very broad 
Shoulder 
Off scale 
Infrared and Raman spectra 
The infrared and Raman spectra of S^ N^  have been assigned. 39 There 
are 14 v i b r a t i o n a l fundamentals f o r the D„, structure of S.N.. Two of these 
2d 4 4 
are inactive both i n the Raman and infrared, the remaining 12 being Raman active 
while 7 are also infrared active. Weak combination tones have also been 
assigned. 
- 4 -
"*"^N nmr. spectrum^ 
The nmr. spectrum of S^ N^  i s a single signal (showing that a l l four 
nitrogens are equivalent) with a chemical s h i f t of +485 - 220 ppm., from 
saturated aqueous n i t r i t e ion. The value i s much nearer the s h i f t s observed 
for singly bonded S-N compounds (530-540 ppm.), than the range of 200-300 ppm. 
+ 23 
observed f o r thiazenes such as S.N,. 
4 3 
2 . Preparative routes 
Tetrasulfur t e t r a n i t r i d e i s formed i n a wide variety of reactions, and 
a number of new preparative routes have recently been described ( ( i i ) to ( v i i ) 
below). The o r i g i n a l synthesis from s u l f u r dichloride and ammonia^ i s probably 
s t i l l the best (see ( i ) below). 
( i ) Preparation from sulfur dichloride and ammonia 
In the methods described by J o l l y , ^ Becke-Goehring,^''" and Rougier,^ 
, . 42 sulfur monochloride (SgCl^j i s mixed with dry carbon tetrachloride or chloroform, 
and a stream of chlorine gas passed into the solution while s t i r r i n g , u n t i l the 
solution i s saturated with the gas. This conversion to S Cl^ improves the y i e l d . 
The flow of chlorine i s then stopped, and ammonia gas passed i n t o the solution, 
maintaining the mixture below 50°C. After about 2 hours, the mixture i s f i l t e r e d , 
the f i l t r a t e washed with water, and allowed to dry. The t e t r a s u l f u r t e t r a n i t r i d e 
i s extracted with dioxane or benzene, using a Soxhlet extractor, the S^ N^  
c r y s t a l l i s i n g out on cooling the solution. 
The reactions may be summarised:-
6S Cl_ + 16NH, > S.N, + 2S + 12NH.C1 
2 3 4 4 4 
6 S 2 C 1 2 + 16NH 5 > S 4N 4 + 8S + 12NH 4C1 
The reaction mechanism i s s t i l l i n some doubt, and S^ NH i s also formed i n 
small amounts during the reaction. By varying the conditions of the reaction, 
and the state of the s t a r t i n g m a t e r i a l s , ^ the proportions of S.N, to S„NH and 
4 4 7 
t h e i r respective yields can be varied. Continuous passage of ammonia does not 
-5-
a f f e c t the proportion of the two, but higher temperatures favour S^ N^  and lower 
temperatures S^ NH. The reaction of SgCl^ with aqueous ammonia solution has been 
studied.44 (See Chapter 2 , experimental section, preparation of S^NH). S^ NH i s 
the main product, but S^ N^  i s also formed i n lower yields together with other 
imides, the r e l a t i v e proportions depending upon temperature, solvent and duration 
of reaction. The products may be separated chromatographically . ' ^ , 4 ^ ' 4 4 » 4 5 
Selenium and tel l u r i u m n i t r i d e s can also be prepared by the reaction 
between ammonia and the respective halides, but with modifications imposed by 
46 
t h e i r lower s t a b i l i t y . 
The mechanisms for the reactions involved i n the preparations are complex, 
but probably involve the formation of various 'SKH1 fragments. These f i r s t form 
a gummy r e s i d u e , ^ and then rearrange to give the various stable compounds 
(S^N^, S^ NH, other sulfur imides, sulfur and some polymeric sulfur n i t r i d e ) , 
the r e l a t i v e proportions depending upon the conditions employed. 
( i i ) Preparation from S^C1„ and Ammonium chloride 
A similar preparation involving the reaction between S^Cl^ vapour and 
47 
ammonium chloride has been described. 
S2CI2 vapour was passed over hot ammonium chloride, and the vapours 
condensed. w a s formed i n yields of 12 to 26% (based on SgCl,,) together 
v/ith S^Np^ and traces of SpN^. The reaction may be summarised -
6 S 2 C 1 2 + 4NH4C1 > S ^ + 8S + 16HC1. 
The reaction between thionyl chloride vapour (S0C1 2 ) and sulfur and 
47 
ammonium chloride, gives good yields of S^ NgO,,. 
This preparative route f o r S 4N 4 requires very l i t t l e attention and very 
l i t t l e solvent manipulation^" 7 however, the yields are low and the extraction and 
p u r i f i c a t i o n rather d i f f i c u l t . 
-6-
( i i i ) Preparation from azides and S„C1^ or S^ N,C'l 
Preparations of S.N. based on the reactions of S 0C1 0 or S.N,CI with azides 4 4 2 2 4 3 
have been described.48»49»50 
When S^N^Cl i s added to excess, freshly prepared Al(N^)^ i n THF, S^ N^ , 
a ri 
together with nitrogen and AlCl^ , i s formed i n high y i e l d (85 to 9 0 % ) , H U and 
with LiN^, a "]CP/q y i e l d of S^ N^  i s obtained. 
S.N. i s also formed when S„C10 i s added to a s t i r r e d suspension of LiN, 4 4 2 2 3 
i n benzene, carbon tetrachloride or methylene dichloride at 20°C, although S^N^Cl 
is the main p r o d u c t . ^ This suggests that the reaction may proceed v i a S 2(N^J 2 
50 
and SN radicals. For example".-
4LiN 5 + 2S 2C1 2 > [ 2 S ^ N 3 ^ ] + 4 L i C 1 
[ 2 S 2 ( N 3 ) 2 ] > S 4N 4 + 4N2 
3S 4N 4 + 2S 2C1 2 > 4S4N5C1 
Activated sodium a z i d e ^ has been used instead of aluminium or l i t h i u m 
49 
azide with S^^Cl to prepare ^ N ^ but the y i e l d was very low. 
These preparations are simple to carry out, and give good yields of S 4N 4 
from S^^Cl (which can easily be prepared from S^NgCl,, ). The main d i f f i c u l t i e s 
are the explosive nature and commercial u n a v a i l a b i l i t y of the azides used. 
( i v ) Preparation from ammonia and sulfur fluorides 
^4^4 n a s ^ e e n P rep a red i n good yields by the reaction of ammonia with 
53 54 o 
sulfur fluorides. At - 9 5 C, SF4 reacts instantaneously with ammonia i n 
a s t a t i c system to form S 4N 4 i n up to 70^ yields, (presumably based on SF 4). 
i.e . 12SF4 + 64NH5 > J S ^ + 2N2 + 48NH4F 
The yields of S^ 4 are reduced to 15 to 40% at higher temperatures 
( - 4 5 ° to +160°C). 
-7-
The reaction of SF^ with ammonia probably proceeds i n i t i a l l y by simple 
metathesis to form NSF, and then the NSF reacts with ammonia to form S^ N^ , 
probably through NS*radicals as intermediates.^ ^2^10 e x c e s s a m m o n i a also 
55 
form S^ N^ , as do S^ F^  and ammonia, although i n t h i s case the reaction i s very 
COmDlex. With SF^ and ammntida. nn S JT i s formed* b ' 4 4 
The yields from these preparations are good, and the preparations are 
f a i r l y simple to carry out, however, the methods are of l i t t l e p r a c t i c a l 
importance since the sulfur fluorides are expensive and due to the considerable 
r i s k of an explosion during the preparations. 
(v) Preparation of S^ N^  from i t s elements 
S^ N^  can be formed when active nitrogen (produced by an e l e c t r i c a l 
discharge) reacts with sulfur or sulfur compounds. With sulfur vapour, S 
and at least two other s u l f u r n i t r i d e s were formed. There was a marked 
induction period before any n i t r i d e s were formed, and not a l l the atomic 
nitrogen was converted i n t o products. This was explained by a mechanism i n 
which the NS*radical was formed i n the i n i t i a l reactions, and rapidly destroyed 
i n the presence of excess nitrogen atoms. 
This method i s not a suitable preparative route to S^ N^ , since a great 
deal of e f f o r t i s required to obtain l i t t l e product. The reaction of active 
nitrogen v/ith S 2C1 2 also produces (NSCl)^ and traces of S^ N^ . ' 
( v i ) Preparation of S^ N^  using l i q u i d ammonia 
S^ N^  i s formed from solutions of sulfur i n l i q u i d ammonia, by the 
addition of s i l v e r salts to the solution, to pr e c i p i t a t e out the insoluble 
Ag 2S. 5 5' 5 4' 5 9' 6 0 (See Chapter 2, t h i s thesis). 
-8-
( v i i ) Other reactions producing S^ N^  
S^ N^  i s formed i n small amounts i n many other reactions involving sulfur 
nitrogen compounds. The thermal decomposition of the sulfur imides S^ NH, 1,3 
and 1,4 Sg(NH)2, and the n i t r i d e s S^Ng (fused r i n g ) , S^Ng, S^Ng and S^Ng 
6l 62 
* — c r - 4 - 4 - » — 4^ '4 
S^ N^  i s also produced i n the preparation of sulfur imides from sulfur chlorides 
. . 4l,43f44 and ammonia. 
S^ N^  i s produced i n high yields by the reaction: 
63 3 S 4(NH) 4 + 4(NSC1)3 >6S 4N 4 + 12HC1 
but since S 4(NH) 4 can only be prepared from S^ 4 i n yields of about 4 0 % , ^ the 
reaction i s ^ o f no preparative significance, and none of the above reactions are 
regarded as preparative routes, due to the low yields and poor a v a i l a b i l i t y of 
the s t a r t i n g materials. 
3. The Structure of Tetrasulfur Tetranitride 
( i ) Introduction 
Tetrasulfur t e t r a n i t r i d e was f i r s t prepared by Gregory i n 1835* and 
66 67 68 
the correct formula was established by I896. ' ' 
69 
The structure was i n dispute u n t i l I963. Many workers were misled i n 
formulating a structure f o r S4N4, by classical valence theory, which demanded 
that nitrogen should be t r i v a l e n t and sulfur d i - , quad- or hexavalent. Hydrolysis 
reactions implied that two su l f u r atoms were i n the +2 oxidation state, and two 
70 
i n the +4 state. Many u n l i k e l y structures were therefore proposed, based both on 22 71 72 16 73 74 7*5 chains ' ' and rings. f'->» f ^ * G o e h r i n g showed that a l l four sulfur 
nf. nn 
atoms are equivalent, x-ray emission data supported t h i s , and therefore sets 
7 20 
of resonance structures were proposed, based on an 8-membered r i n g structure. 
The shape of the r i n g was disputed, Lu and Donohue suggested a square of nitrogen 
atoms and tetrahedral sulfur atoms'^ whereas others suggested the reverse. 
- 9 -
Jaeger reported that the structure consisted of two interpenetrating bispheroids 
79 80 of sulfur and nitrogen atoms, but these results were questionable. Lindquist 
showed that the structure could be w r i t t e n v/ithout the use of resonance forms, 
and suggested the existence of S-S bonds,^ but the structure was eventually 
f i n a l i s e d by Sharma, ' and i s the accepted structure today. S^ N^  consists of 
a square of coplaner nitrogen atoms and a tetrahedron of su l f u r atoms. The 
S-S distance (2.58 &") i s much shorter than the sulfur Van der Wall's diameter 
(ca. 3 .7 A 1 8 2 ) , but longer than the S-S single bond distance (2.04 X 8^)» 
implying considerable transannular interactions. (Figure l . l ) 
Figure 1.1 
NSS = 9 0 ° 
HSN = 1 0 5 ° 
SNS = 1 1 3 ° 
S---S = 2 .58 A 
S-N = 1.61 A 
1 ° S'«'S = 2 .69 A (mean 
values) 
The v i s i b l e , u l t r a v i o l e t 2 ^ ' ^ i n f r a r e d Raman^ and nmr. spectra 2^ 
have been shown to be consistent with the structure, as have molecular o r b i t a l 
85 86 87 calculations, hydrolysis reactions with acids and a l k a l i s , and oxidation 
88 89 
by chloramine-T ' (see following discussion on bonding). 
( i i ) Bonding i n S^ N^  
Once the structure of S.N. had been established, the problem was to 
4 4 
ra t i o n a l i s e i t s electronic structure, and despite the large number of papers 
published, t h i s problem has s t i l l to be f i n a l l y resolved. 
From a study of cyclic p7T - d7\ systems and p7T - d ~n delocalisation i n 
cyclophosphazenes, Craig^ 0'^ 1 suggested that S^ N^  i s forced to adopt the observed 
structure, by the formation of weak bonds between p^ o r b i t a l s of alternate 
sulfur atoms which automatically equalised the dn - pTV interactions and bond 
lengths. Lindquist considered the S-S bonds to be single<5 bonds with pure 
-10-
p character.8''" This was based on the NSS angle being close to 90°. 
24 
Braterman rationalised the electronic spectra i n terras of a molecular 
o r b i t a l scheme involving weak S-S bonding, using standard Huckel-type treatment. 
The s u l f u r d-orbitals were also included i n the structure. S-S bonding was shown 
to be necessary to account fo r the properties of the molecule. 
Turner and Mortimer also carried out molecular o r b i t a l calculations on 
S^ N^  and derived ions, using extended Huckel molecular o r b i t a l calculations and 
including 2s and 2p-type o r b i t a l s on nitrogen and 3s, 3P a n d 3d-type o r b i t a l s on 
sulfur. They concluded that: 
69 
(a) The structure found by Sharma i s to be preferred over one involving 
coplaner sulfur atoms. 
(b) Appreciable S-S bonding between sulfur atoms on the same side of 
the plane defined by the four nitrogen atoms i s to be expected. 
n— 9 5 
(c) Negative ions of S^ N^  (^4^4 » n = l ^° 4) should exist and 
exhibit 1\-electron delocalisation. 
(d) The sulfur d-orbitals are a contributing but not a main factor i n 
describing the electronic structure. 
(e) There i s no bonding between nitrogen atoms. (This was contrary to 
94 \ 
previous calculations by Chapman and Waddington ). 
39 
Bragin and Evans have assigned the infrared and Raman spectra of s o l i d 
S^ N^ . Excellent agreement was observed with calculated values. (See section 
on physical properties of S^N^). 
The nmr. spectra 2^ showed that a l l four nitrogen atoms are equivalent 
(as expected from the structure). The single peak was observed at +485 - 20 ppm. 
(from saturated aqueous n i t r i t e i o n ) . The signal was at unexpectedly high f i e l d s , 
and i s much nearer that f o r single S-N bonds (530-540 ppm.) than f o r delocalised 
systems (e.g. f o r S.N,"*", lines are observed at 241 and 229 ppm. ) ^ This was 
4 ? 
- 1 1 -
rationalised i n terms of the highly symmetrical nearly spherical structure of 
S^ N^ , i n comparison to the planar thiazenes. 
86 
Gleiter treated S^ N^  as a planar 8-membered S-N r i n g with a 127T electronic 
system orthogonal to the 6 system, which then undergoes a Jahn-Teller d i s t o r t i o n due 
to the t r i p l e t ground state predicted f o r the planar model. The structure of 
lowest energy therefore formed was shown to correspond to the accepted structure 
of S^ N^ , with two transannular S-S bonds. The sulfur d-orbitals do not contribute 
s i g n i f i c a n t l y to the structure. The structure of S^N^/Lewis acid adducts was also 
rationalised. 
The bond energy of the S-N bond i n S^ N^  was estimated as 72 K cal/mole, 
96 
301 KJ/mole. This i s intermediate between the single and double S-N bond 
energies of 59 and 80 K cal/mole respectively."^ The corresponding bond length 
i s also intermediate, implying bond delocalisation i n S^ N^ . 
97 
Cassoux and co-workers investigated the electronic structure of S^ N^  
within the framework of the CND0/2 approximation. I t appears to be composed 
of three highly delocalised "islands" as defined by Dewar i n the case of 
98 
cyclophosphazines, where there exists a system of weakly i n t e r a c t i n g 3 -centre 
7Y bonds, embracing two phosphorus and a central nitrogen atom. Each phosphorus 
atom uses two d n o r b i t a l s , which interact with the nitrogen p - o r b i t a l . The 
shape of S^ N^  was said to be due to strong spatial interactions between non-bonded 
sulfur atoms, and f o r t h i s reason, the S^ N^  molecule was referred to as "inorganic" 
97 
cyclo-octatetraene". This comparison seems to be rather dubious, since whereas 
S^ N^  i s a delocalised system, cyclo-octatetraene contains four localised double 
and four localised single bonds, and the shapes of the molecules are only 
s u p e r f i c i a l l y similar, as there i s no transannular bonding i n cyclo-octatetraene. 
99 
Mingos has adopted a d i f f e r e n t approach i n considering the structures 
of S^ N^  and other similar cage and cluster compounds. He used correlations which 
have been discussed by Wade"'"^  who noted that boranes (Bn Hm) and carboranes 
(Cg Bn-2 Hm) with (n+l) skeletal electron pairs and n-skeletal atoms adopt the 
-12-
shapes of closed polyhedra with triangular faces. In p a r t i c u l a r , the following 
polyhedra are adopted for closoboranes with f i v e to eight carbon and boron 
atoms: trigonal bipyramid ^5)» octahedron ( 6 ) , pentagonal bipyramid ( 7 ) , and 
dodecahedron ( 8 ) . I f the structures are held together by (n+2) electron p a i r s , 
atoms adopt nido structures, and arachno structures with (n+5) electron p a i r s . 
Mingos extended t h i s theory to r a t i o n a l i s e the structures of electron-precise 
and electron-rich polyhedra, and r i n g compounds. Electron-precise polyhedra have 
j u s t the correct number of electron pairs to form two centre tv/o-electron bonds 
along a l l the edges of the relevent polyhedron, and an electron-rich polyhedron 
has more electron pairs than those necessary for forming two centre two-electron 
bonds along a l l the edges. Electron-deficient polyhedra, such as the boranes 
and carboranes discussed by Wade,"^^ have i n s u f f i c i e n t electron pairs for 
forming two centre two-electron bonds along a l l the edges. 
Mingos assumed that: "each electron pair i n excess of that required for 
an electron-precise polyhedra w i l l r e s u l t i n the breaking of one of the edge 
bonds". This assumption resulted from a very l o c a l i s e d view of the bonding i n 
t h i s type of molecule which suggests that each edge bond has a well defined 
bonding and antibonding molecular o r b i t a l , and that the l a t t e r i s occupied i n 
the electron-rich polyhedra. 
Mingos used t h i s theory to r a t i o n a l i s e the structures of several cage 
compounds, including S^N^. He assumes that S^N^ consists of 14 electron p a i r s . 
(.Each nitrogen contributes three bonding electrons, and each sulfur four bonding 
electrons, giving a t o t a l of 14 electron p a i r s ; i n addition, each atom has 
one non-bonding pa i r of electrons). 
electronic structures: 
2s 
N : He + U 
S* : Ne + U 
2P 
111 = lone p a i r 
+ 3 e 1 s 
3p 3d 
= lone pair 111 1 = n e's 
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Since S^N^ contains eight s k e l e t a l atoms, and fourteen electron p a i r s , 
i t i s based on a polyhedra with eight corners. Mingos defines the polyhedron 
as cuneane, {Figure 1.2{i)) with ten edges, requiring two edge bonds to be 
broken, although he does not explain why a cube, (with twelve edges requiring 
the breaking of one edge bond), i s not a p o s s i b i l i t y . (Figure 1.2{iv)). 
He assumes that i n the cuneane structure, the bonds that are broken 
are perpendicular i n S ^ N ^ ( i i J , whereas they are p a r a l l e l i n the related structure 
of A s ^ S ^ i i i j . (The structure described by Mingos for S^N^ contains N-N bonds 
and i s i n c o r r e c t , ^ y however th i s feature was l a t e r corrected"*"^" and does not 
a l t e r h i s argument.) Since the submission of Mingos1 a r t i c l e a second (|^ ) form 
102 
of As^S^ has been described i n which the molecular packing i s different 
although the molecular shapes are the same, the space groups being P2-^/n and C2/C for the oc and [3 forms respectively. 
Figure 1.2 
/ 
(i) (ii) 
\ 
(Hi) 
7 s \ \ s \ 
- 4 7 
S b 
L 
iv v vi) 
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2+ On the basis of h i s theory Mingos concludes that S Q and S Q (15 and 
16 " s k e l e t a l electron p a i r s " respectively) should adopt the endo, endo 
configuration shown i n Figure 1.2(v} and ( v i ) . The observed structures are 
exo, endo and exo, exo respectively. Mingos suggested that the difference i n 
energy between the various arrangements i s small and that s o l i d state forces 
determine the actual configuration adopted. On the other hand i t has been 
shown*^ that there are two d i s t i n c t Sg^ + cations i n Sg^sF^Jg occupying 
different l a t t i c e s i t e s . The authors commented that the close s i m i l a r i t y of 
the two Sg rings suggests that t h e i r conformation i s the most stable one for 
the ion and i s not forced by the exigencies of c r y s t a l packing. This i s further 
supported by the very s i m i l a r shape of Seg^ + i n S e 8 (Al C l ^ g . 1 ^ 
A l a t e r paper by Banister"''^ also bases the structures of S^N^ and other 
cage compounds on polyhedra, but disagrees with Mingos' interpretation. 
Banister proposed that:^"^ 
( i ) "Many unsaturated f l a t or c l u s t e r compounds can, at a simple 
l e v e l , be regarded as being composed of a 6-bonded molecular framework, with 
a superimposed set of higher energy electron pairs i n r e l a t i v e l y delocalised 
molecular o r b i t a l s " , (as d i s t i n c t from Mingos1 l o c a l i s e d molecular o r b i t a l s ) . 
( i i ) "Two-co-ordinate sulfur consistently provides two electrons for 
the 6 -bonds and one of the two "lone p a i r s " on each sulfu r atom, interacts 
with sulf u r (empty) d-orbitals to give, as i n the Huckel species,105»106 
SgNg, S^N^+, Sj.N[-+, two further bonding electrons of higher energy. Owing to 
th e i r p a r t i a l d character, the s t a b i l i t y of these l a t t e r electrons, and 
consequently th e i r bonding power decreases with diminishing positive charge on 
sul f u r " , (since increases i n positive charge causes contraction of d-orbitals, 
107 
and hence better overlap). 
( i i i ) "The 6-bonded molecular framework i s f l e x i b l e , and w i l l tend to 
adopt a shape such that the maximum number of the constituent atoms occupy 
corner positions of a polyhedron of shape compatible with the number of higher 
energy bond p a i r s , and with the number and symmetry of the available atomic 
-15-
o r b i t a l s not involved i n the O -framework". 
The structure of S,N. was r a t i o n a l i s e d i n terms of a t o t a l of fourteen 
4 4 
bond pair s of electrons. Eight of these bond pairs can be allocated to the 
sulfur-nitrogen 6 -framework, leaving s i x p a i r s of higher energy, a number 
aDDroDriate for the S. tetrahedron., s i m i l a r to P.. These can be treated as s i x 
electron-pair bonds along the tetrahedron edges. Thus S^N^ i s based on a t e t r a -
hedron rather than on a cuneane structure, and i s consistent v/ith s i x S-S 
distances, (2 x 2.58 A and 4 x 2.69 A), which are shorter than Van der Waal's 
contact for s u l f u r atoms (5*64 ^ i - n s o l i d S^N^), so that there appears to be 
interaction between a l l four s u l f u r atoms, and not j u s t between two p a i r s . 
(Figure 1.3) 
Figure 1.5 
a 
1 N 1 1 'c ' 
' N -N 7 1 1 / 1 N 
s 4 rsu 
a = 1.62 A b = 2.58 X c = 2.69 £ 
The S-N distances (l.62 A) are appreciably shorter than normally 
associated with a single bond (ca. 1.74 X).^ Although the four i d e n t i c a l N-N 
distances (2.55 A) are shorter than the Van der Waal's diameter (3.1 A*), there 
i s no conclusive evidence for N-N bonding, and the nitrogen atoms occupy bridging 
positions on the sulfur tetrahedron. 
2+ 108 This treatment also predicts the correct structure for S 0 , which i s o 
based on an octahedron (Figure 1.4) and therefore does not have to introduce 
-16-
special energy considerations to modify the predicted structure. 
Figure 1.4 
S 7 ~ ~ ~ s t — , - -6 
s 2 + 8 
There are numerous intra-molecular distances well below the sulfur Van der Waal's 
diameter, showing that a l l the atoms are involved i n the cage bonding. The 
2+ to t a l electron count for S 0 ( i n addition to eight lone p a i r s ) i s f i f t e e n o 
bond pai r s . Eight of these are allocated to the 6" -framework,.leaving seven 
for the cage, which i s what i s required for an octahedron. 
2+ I n the Mingos treatment of S Q , i t i s regarded as a nine bond pair ion, o 
based on cureane, with three bonds broken. Eight S-S distances i n the range 
o o 
2.01 to 2.07 A, and one at 2.86 A, are regarded as single bonds, whereas several 
other S-S distances s l i g h t l y longer than the l a s t , (2.94, 5.00, 3.07, 3.09 A etc.) 
are treated as non-bonded. 
( i i i ) S.N. structure, conclusion -4-4 J 
Despite the apparent disagreements concerning the electronic structure 
of S^N^, the most recent papers agree on several points: 
69 
(a) The structure, as determined by Sharma i s correct. 
(b) There i s considerable interaction between sulfur atoms i n the 
molecule, (two p a i r s or a l l four) and, negligible interaction between nitrogen 
-17-
atoms. 
(c ) The structure i s more complex than a simple 6 -bonded cage, and 
electrons are present i n delocalised molecular o r b i t a l s . 
(d) Electrons i n sulfur d-orbitals make some contribution to the 
bonding. 
Molecular o r b i t a l calculations are necessarily very complex and 
inevitably involve approximations, so that a theory involving a few assumptions 
and a simple model i s often more useful. Since t h i s i s always an over-
s i m p l i f i c a t i o n of the true situation, there are bound to be c o n f l i c t s over 
the model to be used, the assumptions made and the interpretation of the r e s u l t s . 
The most recent theories regard S^N^ as a cage structure by analogy with the 
boranes, carboranes and other cage structures, where although simple two atom 
C-bonds are present, the system i s held together by electron pairs i n delocalised 
molecular o r b i t a l s . The molecular shape depends upon the number and type of 
molecular o r b i t a l s available. I n S^N^, the fourteen electron p a i r s available 
for bonding are arranged into eight bond p a i r s , forming the6-framework (to a 
f i r s t approximation) the other s i x forming higher molecular o r b i t a l s . A further 
problem i s that there are few other known species for comparison with S^N^. 
Selenium n i t r i d e (Se.N.) and S.N. both have the same cage-like molecular 
s t r u c t u r e , a n d exhibit s i m i l a r x-ray d i f f r a c t i o n patterns and infrared spectra'^^ 
although Se.N. i s l e s s well characterised than S.N.. Tetra-arsenic t e t r a s u l f i d e 4 4 4 4 
(As^S^) (both the CC and ft forms) have a related structure to S^N^ but consist of 
a square of sulfur atoms and a tetrahedron of arsenic atoms with As-As b o n d s . ' ^ - ^ 
( i . e . the reverse of S^N^), and i s probably f a i r l y well represented by ten 
lo c a l i s e d single bonds''"^ " rather than by delocalised molecular o r b i t a l s . 
112 
Tetra-arsenic tetraselenide (As.Se.) i s i s o s t r u c t u r a l with cC-As.S.. 
v 4 4' 4 4 
S^N^ i s thought to be a member of a hitherto unexplored s e r i e s of s u l f u r -
nitrogen cage compounds."*""^ 
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4. S^N^ Inorganic Reactions 
S^N^ i s one of the most important sulfur-nitrogen compounds, since many-
other sulfur-nitrogen compounds can be derived from i t by ring expansion, 
contraction, halogenation or reduction (oxidation leads to r i n g degradation). 
S^N^ can act both as a Lev?is base through the nitrogen atoms with Lewis acids, 
to give a large number of adducts, or as a Lev/is acid, but i n th i s case, r i n g 
degradation or contraction usually follow. A large number of " t h i o n i t r o s y l " 
complexes are also formed by reaction between S^K^ and metal halides, carbonyls 
or other metal s a l t s . M a n y of these compounds have novel structures and 
some contain exocyclic hydrogen and are therefore not s t r i c t l y t h i o n i t r o s y l 
complexes. 
The reactions of S^lf^ with phosphorus compounds, and i t s ion and free 
r a d i c a l formation have also been studied. 
( i ) Reactions involving r i n g contraction or expansion 
(a) Chlorination 
£54^ 4 may be chlorinated i n quantitative y i e l d s to give (NSCl)^, by 
passing chlorine into a suspension of S^N^ in C C l ^ or CS^t^^'^^ or by 
279 
reacting with s u l f u r y l chloride. (See Chapter 2, experimental section). 
These reactions are thought to proceed v i a a moderately stable 
intermediate, probably (NSCl)^. 
(b) Fluorination 
£>4^ 4 may be fluorinated i n considerably l e s s than theoretical y i e l d s , 
by gradually heating a solution i n carbon tetrachloride to the boiling point 
with s i l v e r difluoride and then cooling to y i e l d (NSF)^, (colourless tetragonal 
117 118 
needles). The (NSF)^ molecule consists of a puckered eight-membered S-K 
ring, i n which the S-N bonds alternate i n length around the r i n g (1.55 and 
1.65 X 1 1 ^ ) . (NSF). i s the only t h i a z y l halide tetramer to be i s o l a t e d , 1 2 0 
-19-
although a related sulfanuric tetramer (NSOF)^ i s known. 
T r i t h i a z y l t r i f l u o r i d e (NSFJ^, may be prepared by s t i r r i n g a solution 
of (NSCl)j i n C C l ^ with AgFg for 18-20 hours at room temperature, d i s t i l l i n g 
off the solvent and purifying by sublimation. (NSF)^ forms as colourless 
. . _o_ _ . . . _O_122a c r y s t a l s ^m.pt {a^d u, ±s.pt u i t i s the fluorine analogue of (NSCl)^ 
and has a s i m i l a r structure (see discussion on (NSCl)^). 
S^N^ may be fluorinated d i r e c t l y to (NSF)^ by controlled fluorination 
using elemental fluorine diluted with helium at -78°C. (NSF)^ i s also formed, 
124 
and i t i s probably an intermediate i n the reaction. More vigorous 
fluorination of S^N^ with elemental fluorine gives a number of sulfur, nitrogen 
125 126 
and sulfur-nitrogen-fluorine compounds by r i n g degradation. ' Electrochemical 
127 
fluorination i n l i q u i d HF also gives r i n g degradation. 
125 
^4^4 c a n a^- s o fluorinated by other fluorinating agents. Selenium 
tetrafluoride at -10°C y i e l d s NSF (l5?b y i e l d ) , IF,- forms the compound S^N^CNSF)^ 
which decomposes at 50°C to NSF,_ and SF^ reacts only slowly under pressure at 
l60°C to form a l i t t l e NSF. Antimony pentafluoride combines slowly to give a 
green s o l i d of composition: S^N^ (SbF^)^ which melts with decomposition to give 
NSF (10%) and HF forms t h i o t r i t h i a z y l fluoride S^N^F by r i n g c o n t r a c t i o n . ^ 
( c ) Reaction with bromine 
The reaction of S^N^ with bromine was found to give a mixture of mainly 
S^N^Br (7-membered ring) and S^NgBrg (probably a 5-membered r i n g ) , from which 
128 
S.,N,Br could be separated by dissolution i n l i q u i d S0„. 
(dj Ring contraction to S^N,+ s a l t s 
S^NjCl i s formed i n 90% y i e l d when a solution of S^N^ i s boiled i n carbon 
129 
tetrachloride with S^Clg. The reaction may be summarised: 
3S 4N 4 + 2S 2C1 2 > 4S 4N 3C1 
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S^N^Cl i s also produced when S^N^ i s dissolved i n thionyl chloride for 
24 h o u r s . I t contains the cation S.N_+, which i s a member of the electron-
4 3 
r i c h aromatic sulfur nitrogen s e r i e s (see l a t e r discussions). 
A possible selenium analogue of S^N^+, SeS^N^+ has also been reported."''^ 
"4 4 " ~ " " 2 " ' " 2 ±""" v" i """""2 " """'""* "4" 3~^ 
( S e S 2 N 2 C l 2 ) n tentatively proposed as either S N j + Cl 2Se-N-SeCl 2~ or (SeS^N^ +) 2 
( S e C l 6 ) 2 ~ . 
(e) Ring expansion to SrNr + s a l t s ( t h i s t h e s i s ) 
S^N^ reacts with metal chloride adducts of (NSCl)^ i n thionyl chloride 
to y i e l d S^N^+ s a l t s . (See Chapter 6, th i s t h e s i s , for a f u l l description and 
discussion). 
( f ) Ring contractions to other sulf u r n i t r i d e s 
The. sulfur n i t r i d e s : N^,,, S^N2 and (SN) X can also be prepared from 
S.N. (see section on other sulfur n i t r i d e s ) . 4 4 v 
( i i ) Reduction of S,N„ s 4-4 
S^N^ i n benzene solution undergoes mild reduction, with t i n ( i i ) chloride 
i n methanol/water solution to form the sulfur imide: S ( M ) ^ i n about 40?£ 
yield.^4»131 ( s e e section on sulfur imides t h i s Chapter, experimental section, 
Chapter 2, and sulfur imides, Chapter 4 ) . 
( i i i ) Oxidation of S^N, v / 4_4 
In contrast to reduction, oxidation of S^N^ leads to r i n g degradation. 
S.N. (and S.(NH).), can be quantitatively oxidised by Chloramine-T i n a c i d i f i e d 
dioxane, consuming 12 and 16 equivalents of Chloramine-T respectively per mole, 
88 and forming HgSO^ and NH^ . 
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132 An oxide of S ^ N ^ : S ^ N ^ O ^ has been prepared, although the preparation 
does not involve S ^ N ^ . I t i s prepared through the reaction of N , N ' Bis (trimethyl-
s i l y l ) sulfur diimide with the anhydride of flu o r o s u l f u r i c acid: 
2(CH,), S i - N = S = N - S i ( C H j 2 + 2FS0 o-0-S0 oF 3 3 3 3 i i 
C C I . 
^ 
0 N V N 0 
% / X S \ / , N 
/ \ S / \ ^ ( C H 5 ) 5 S i F + 
0 \ , / ° 2(CH 3) 5Si.O.S0 2P 
s 
4 4 4 
S^N^O^ i s a yellow s o l i d which sublimes at 80°-90°C i n vacuo, and 
o 132 
decomposes at 115-120 C. 
An oxy-anion of S^N^, S^ N^ O has also been prepared, although again the 
134 135 
route does not involve S^N^. The ammonium s a l t i s prepared, i n very low 
y i e l d s , by the reaction of thionyl chloride with l i q u i d ammonia to give S^N^, 
2NH^, which i s then a i r oxidised i n pyridine solution to give NH^+ S^ N^ O . The 
compound forms as yellow c r y s t a l s soluble i n and stable to water and pyridine. 
Other s a l t s , e.g. Thallium ( I ) , Sodium, Potassium, S i l v e r ( I ) and pyridinium 
have also been prepared, showing that S^ N^ O behaves as a normal anion. I t s 
structure has been recently determined, and as was previously suggested: 
I t i s based on the S^N^ molecule, with one nitrogen bridging two sulfur atoms, 
and the oxygen ex o c y c l i c a l l y attached to one of these two sulfu r atoms. 
(Figure 1.5) 
Figure 1.5 |\j 
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( i v J Reaction of S^fl^ with metals and metal compounds 
S^ M^  undergoes a large number of reactions with metal compounds. These 
are of two main types: 
(a) Adduct formation with metal (and other) halides, i n which S^N^ 
functions as a Lewis base, and the halides as Lewis acids. 
(b) Reaction with metal halides, other metal s a l t s , metal carbonyls, or 
pure metals, to form complexes, which are usually termed as th i o n i t r o s y l or 
hydrothionitrosyl complexes. ^4^4 also reacts with t h i o p h i l i c reagents, (e.g. 
CN , triphenyl phosphine, etc.) to give compounds of novel structure. The 
chemistry of sulfur-nitrogen metal compounds has been extensively reviewed."'""'"^  
[(jj Adduct formation by S^ M^  
^4^4 a c ^ s a s a Lewis base through i t s nitrogen atoms to form a large 
s e r i e s of add.ucts with Lewis acids. Lewis acid behaviour by S^N^ usually leads 
to r i n g contraction or degradation. 
Reactions of S,N, with Lev/is acids 4-4 
The best characterised of these S.M. adducts i s S.N., Sb CI,-, which i s 
4 4 4 4' 5 137 138 formed when Sb C l c i s added to a solution of S.N. i n CH 0C1 0. ? ' ? I t forms 5 4 4 2 2 
monoclinic c r y s t a l s , and the c r y s t a l structure shows that the Sb C l ^ i s as 
expected, attached to nitrogen v i a an antimony-nitrogen bond. The S^N^ ri n g 
changes conformation but remains intact. 138|139 (figure 1,6) 
Figure 1.6 
CI CI 
\ / 
CI Sb • -CI 
/ \ / \ / c l 
N N . N 
^ S S 
^ N " ^ Structure of S.N., Sb C l c 
4 4 5 
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The antimony atom i s surrounded o c t a h e d r a l l y by f i v e c h l o r i n e and one 
n i t r o g e n atom, but i s s l i g h t l y above the plane of the four c h l o r i n e atoms. The 
139 
s u l f u r atoms form a square plane, and the n i t r o g e n atoms a b i s p h e r o i d . The 
four c l o s e s t S-S d i s t a n c e s (average 2.92 X), a r e w i t h i n the s u l f u r Van der Waal's 
/ °140\ 
diameter (3«7 A ) and t h i s may i n d i c a t e t r a n s a n n u l a r i n t e r a c t i o n s . 
The conformational change i n the S^N^ r i n g on forming the adduct may be 
due to a d r a i n of e l e c t r o n d e n s i t y from the r i n g by the Sb C l ^ group. The 
s u l f u r - s u l f u r bonds, being the weakest bonds p r e s e n t a r e broken, c a u s i n g the 
r i n g to open up i n t o a more s t e r i c a l l y favoured conformation.^ 
The c r y s t a l s t r u c t u r e of the adduct: S^N^, BF^ has a l s o been determined.''"^ 
The s t r u c t u r e i s s i m i l a r to t h a t of S.N., Sb CI,-. The BF, group i s bonded v i a 
4 4 5 3 
boron to a n i t r o g e n atom of the S^N^ r i n g . The four s u l f u r atoms are near the 
c o r n e r s of a square, while the n i t r o g e n atoms are a l t e r n a t e l y above and below 
141 142 the plane. There i s no S-S i n t e r a c t i o n . 
^4^4' BF^ was prepared by r e a c t i n g S^N^ i n methylene c h l o r i d e with BF^. 
137 
The adduct B C l ^ can be s i m i l a r l y formed with B C l ^ . The BF^ adduct 
decomposes r e v e r s a b l y to S^N^ and BF^ when heated, whereas the B C l ^ adduct 
sublimes with s l i g h t decomposition. 
The adduct S^N^, B C l ^ t Sb C l ^ has been prepared by the r e a c t i o n of 
137 
S.N., B C I , with Sb C l c . T h i s i s unusual s i n c e no diadducts were formed with 4 4 3 5 
S.N. and e i t h e r Sb C l c or B C I , alone. The compound 4S„N., BF, has been 4 4 5 3 4 4 3 
reported''"^ but discounted by J o l l y 
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Th e following adducts of S^N^ have been reported. (Table l . l ) 
Table 1.1 
Adduct Reference Adduct Reference 
S.N. BF 2 4 4 3 137,141,145 S.N. 2S0, 4 4 3 138,152 
BCl^ 137,145,146 2SbF K ? 5 153 
BBr^ 137 2T i C l , 3 151 
A1C1 5 147 2 T i C l 4 154 
AlBr^ 147 2SbCll-5 146 
T e C l 4 146,148 2BC1.. 3 146 
TeBr, 4 149 2SbBr 5 ? 153 
SeCl. 4 146,148 2SbI 5 ? 153 
4 138,150 4S0 3 138,152 
VC1. 4 138,150 4SbF c 53 
WC1. 4 138,151 i S n C l 4 138,150,155 
TiBr. 4 150 4B P » ? " 3 
143 
Zr C l , 4 150 BCl,,SbCl c 3 5 137,145 
MoCl c 138,151 A l C l 5 , S b C l 5 147 
NbCl c 5 150 BCl-.SO, 3 3 
146 
T a C l c 150 SbCl [-,S0 2 5 3 146 
SbF 5 125 TeCl.,BCl a 
4 5 
146 
SbCl c 
0 
137,138,139,146 TeCl 4,S0 3 146 
S e 2 C l 2 ? 25 TeCl.,SbCl c 4 5 146 
SeCl.,S0, 4' 3 146 
The structures of many of these adducts are s t i l l i n doubt although i n many 
cases (e.g. the NbCl.., TaCl.-, T i C l . and ZrCl. adducts^"^) the structures are 
5 5 4 4 ' 
probably s i m i l a r to those of S 4N 4 > SbCl^ and S 4N 4» B F y where the metal atom 
i s attached d i r e c t l y to nitrogen. Bidentate ligand structures (suggested for 
VCl,"'"'^ and 2TiCl ^0,154 a a c i u c - t s ) are unlikely. Ionic structures are probable 4 4 
for diadducts; e.g. [] S 4 N 4» S b C l J + SbClg" , [ S ^ , BClg ] + BC1 4" 1 4 6 and 
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t Tt + - 145 ^4^4' ^ ^2 ^ ^6* Evidence for these and s i m i l a r structures has been obtained from infrared and conductivity measurements,"*"^ although 
conductivity measurements ( i n a c e t o n i t r i l e ) are not conclusive, and x-ray 
g 
d i f f r a c t i o n data would be required for complete characterisation. A few S^N^ 
adducts have also been prepared using Sy^Cv, instead of S^N^.^-^ 
( b ) Reactions of S^N^ with other metal compounds 
S^N^ undergoes reactions with other metal compounds in which, instead 
of forming adducts, the S^N^ breaks up into SN chains, which then act as ligands 
around the central metal atom to give " t h i o n i t r o s y l " derivatives. These may be 
prepared from the metal, metal halide, carbonyl or other metal s a l t s , using a 
variety of solvents. 
The following thi o n i t r o s y l compounds have been described: 
Table 1.2 
Compound Reference 
T I ( N S ) 5 156 
T I ( N S ) , 5 T l ( N S ) , 5 156 
C n ( N S ) 2 156 
A g ( N S ) 2 156 
Cu ( N S ) 156 
Ag ( N S ) 156 
K ( N S ) 156,157 
K 2 ( N 2 S ) 156,157 
Hg(N 2 S) 74,156 
H g ( N S ) 2 , N H 5 74,156 
Pb(Ns) 2, m 3 74,156,158,159 
N i ( N S ) 4 ? 65,160 
C o ( N S ) 4 65 
Pb(ws) 4 65 
F e ( N S ) 4 ? 65,161 
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Table 1.2 
(continued) 
Compound Reference 
Cu(NS) 2Cl 2 162 
Cu(NS) 2Br 2 162 
Pd(NS) 4 ? 163 
Pt(NS) 4 163,164,165 
Co(NS) 4 166 
Pd(NS 3) 2 167 
Wi(HN 2S 2) 2 168,169 
Pd(HN 2S 2) 2 168 
Co(HN 2S 2) 2 168,169 
Pt(HN 2S 2) 2 168,169 
F e ( M 2 S 2 ) 2 ? 168 
Ni(S 4N 4H 2) 170 
Ni SCHLH 5 3 169,170 
Ni S 6N 2 170 
Cu ? S 4N 4 171 
A*5 S 4 N 4 171 
Mo S,H 2Cl a 3 3 3 172 
Mo ScNcCO 5 5 172 
I r Cl(CO)(Ph 3P)(S 4N 4) 173 
Ni(CH 5N 2S 2) 2 174,175 
Ni(CH 3S 2N 2)(HS 2N 2) 174,175 
Ni(C 2H 5S 2N 2)(HS 2N 2) 175 
Fe(CO) 176 
Co 2(CO) S 4 » 4 176 
K [Ni(CN) 2(S 2N 2H)] 177 
Ni(S 2N 2H)(S 2N 2CONH Ph) 178 
N i ( S 2 N 2 ) ( e n ) 2 179 
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Th e structure and composition of many of these derivatives i s s t i l l i n 
168 
doubt and others have been disputed. Weiss and Becke-Goehring showed that 
the compounds formulated as: M(NS)^ (M = Ni, Pd, Co or Pt) by previous 
workers^''''^'''"^ contain hydrogen, and should be formulated as M(HN 2S 2) 2. A 
c r y s t a l structure on Pt(NS)^ (omitting hydrogen) shows i t to be*^ -.(Figure 1.7(iii)) 
Further work suggests that the hydrogens are attached to the nitrogen 
atoms nearest to platinum.'''^ 
I C Q 
Crystal structures have also been determined for Pb(NS) 2, NH^  and 
P d ( N S 5 ) 2 l 6 ? (Figure 1.71D& lii)) 
Figure 1.7 
N S / \ / \ S N v N^-
H N Pb. 
2 ( 
I ^ P t 
N \ / \ / N *S \ S i 
S S planar 
(i) (11) (iii) 
The sulf u r nitrogen chains act as bidentate ligands to the central metal 
atom, forming a planar structure. 
Organic derivatives of n i c k e l complexes have been prepared: e.g. 
Ni(CH 5N 2S 2), N i ( C H 3 N 2 S 2 ) ( H N 2 S 2 ) , 1 7 4 ' 1 7 5 N i ^ N ^ X S ^ C O N H P h ) , 1 7 8 N i ( S 2 N 2 ) ( e n ) 2 > 1 7 9 
and K [ M ( C N ) 2 H ( N S) 2J , 1 7 7 
The thionitrosyl compounds may be prepared i n a variety of ways: 
( i ) Reactions of S,N„ with metal halides 4-4 
168 
Compounds of the type M(SN)^ (also containing hydrogen ) 
(M = Fe, Co, Ni, Pd, Pt) have been prepared by reacting an alcoholic solution 
) 
or 
163 
of S^N^ with the anhydrous metal halide i n the +2 oxidation state,^ 5 f l 7 0 Q r ^ R 
the case of platinum with E^Pt Clg under ca r e f u l l y controlled conditions. 
C u ( S N ) 2 c i 2 a nd. Cu(SN) 2Br 2 have been prepared from S^N^ and the corresponding 
-28-
162 metal halide i n DMP. The reaction of nickel I I chloride with S>,N. i n 
4 4 170 alcoholic solution yields a series of compounds: Ni S.N.EL, Mi S_N,H and Ni S,N_. 
4 4 - 0 0 o c 
The hydrogen must come from the alcoholic solvent, implying f a i r l y complex reaction 
mechanisms. 
( I I ) Reaction of S^ N, with metal carbonyls 
-• H—H—- " 
Metal carbonyls can be used i n place of metal halides to y i e l d t h i o n i t r o s y l 
compounds. Iron,"* -^ c o b a l t , n i c k e l , a n d palladium^ carbonyls react with 
S^ N^  i n benzene to y i e l d the corresponding t h i o n i t r o s y l derivative, M(SN)^ and 
carbon monoxide. 
With molybdenum carbonyl i n r e f l u x i n g benzene, Mo S-N-CO i s formed as a 
172 
black amorphous explosive s o l i d , insoluble i n a l l common organic solvents. 
I t reacts with (NS Cl)_ to form Mo S-.H-.C1_.172 
o o o o 
S4_J4 reacts with I r Cl(C0)(P.(C6H_)_)_ i n benzene at 50°C to form 
I r Cl(P(CgH_)_(S 4N 4). 1'^ The structure i s unknown, although i t i s probable that 
the S^ N^  r i n g remains i n t a c t , and i s bonded through nitrogen i n a similar way 
to the adducts previously discussed. 
S^ N^  reacts with i r o n and cobalt carbonyls i n dry deoxygenated benzene 
176 
to form Pe(CO)N4S4 and Co-CcojN^S^ respectively. These complexes have been 
formulated as polymeric t h i o n i t r o s y l carbonyl compounds. 
( i l l ) Reaction of S,N, with metals v i 4_4 
Copper and s i l v e r f o i l s react slowly with S^ N^  i n carbon tetrachloride, 
copper reacting over a period of hours, and s i l v e r over a period of days. The 
black powdery product formed by copper i s paramagnetic and corresponds to 
Cu_S„-L. The s i l v e r complex approximates to Ag-S.N.. The structure of these 7 4 4 5 4 4 
compounds i s unknown.''"7"'' 
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(IV) Reactions of S^ N^  with metal compounds i n l i q u i d ammonia 
^4^4 d l s s ° l v e s l i q u i d ammonia to give a red solution which conducts 
e l e c t r i c i t y . (See Chapter 3» ^ 4^4 i n l i q u i d ammonia), When metal ions, as 
anhydrous s a l t s , are added to the solution, t h i o n i t r o s y l compounds are 
precipitated. ^ ' 
e.g. 
2K(NS)+2NH 2K2(N2S)+4NH 
• T t 
S.N. + 2NH2 ^  2HN=S=N-S-NH_ =£1 2H-N=S + 2H-N=S=N-H 4 4 3 ^  2 ^  I 2+ 1 2 + I Fb ^ 2Hg + 
2H+ + Pb(NS) 2 2Hg(N2S)+4H+ 
The t h i o n i t r o s y l compounds: Tl(NS)^ Tl(NS), 5Tl(NS) 5l Cu(NS)2', Ag(HS)2'f 
181 
Cu(NS) and Ag(NS) have s i m i l a r l y been prepared. The compounds K(NS) and 
K 2(N 2S) (prepared as above) are sol i d yellow s a l t s , stable i n vacuo or dry 
182 
nitrogen, but traces of KNH2 cause explosions i n a i r . 
(V) Reactions of S^ N^  with metal halides i n thionyl chloride 
•102 
Thionyl chloride i s an active solvent towards S^ N^ , J the S^ N^  cage 
structure being broken up, and the fragments reforming i n solution to give 
other stable species, i f suitable Lewis acids are present to s t a b i l i s e them. 
S^ N^  reacts with SO C l 2 , i n the presence of ir o n ( i l l ) or aluminium chlorides, 
+ + 
to give a mixture of the tetrachloro metallates of the cations S^N^l » ^ 4^5 
and SCN1.+.^^ The reaction with other metal chlorides also yields salts 
+ + 
containing the S^^Cl and S^ N^  cations, together with other compounds of 
unknown structure. 
( v i ) Reaction of S^ N^  with phosphorus compounds 
(a) P CI, 
+ 186 
S.N. reacts with P CI,, to form the ionic compound: P CI. NP CI, , 4 4 3 4 3 
31 
as concluded from infrar e d and P nmr data. The reaction may be summarised: 
-30-
S.N, + 10 P C I , — > 2NP0C1„ + 2NP Cl_ + 4SP C1 T 4 4 3 <t I £ 3 
NP^Cl^ i s obtained as colourless crystals, when r e c r y s t a l l i s e d from 
chloroform at -55°C The reaction involves the complete breakdown of the S^ N^  
cage. 
(b) Triphenyl phosphene, Ph.,P, and ( C ^ ^ ^ P 
187 188 
S^ N^  reacts with triphenyl phosphene i n dimethylformamide, or benzene 
to give Ph^PS, and a second substance, S^ N^ PPh^ , with the structure (Figure 1.8) 
Figure 1.8 
N JS»-N = PPh 
s — N S 3 N,PPh 3 
The r i n g i s planar, apart from the sulfur atom bonded to the -N=PPh^ group, 
which i s 139° out of plane. This p a r t i a l planarity i s unusual, although a 
similar structure i s exhibited by the S^^Cl* cation, where the sulfur atom 
189 
bonded to exocyclic chlorine, i s out of the plane of the r i n g . The exocyclic 
group may therefore be causing the non-planarity of the sulfur atom, by perturbing 
the "aromatic" delocalised bonding i n the r i n g . A l l the S-N bond lengths i n 
S^ N^  PPh^ (Average = 1.62 X) are shorter than the S-N single bond (l.76 X), and 
two (average 1.57 X) are close to the S-N double bond (l.55 This implies 
multiple delocalised bonding i n the system. 
The compound: S^ N^  P^yclo-CgH^)^ has been prepared by the same procedure 
188 
as S^ N^  PPh^, and they probably have analogous structures, 
(c) Phenyl dichloro phosphene PhP Cl^ 
S^ff^ reacts with PhP C ^ i to form s a l t - l i k e products, which can be 
regarded as chlorides of imido-diphenyl-diphosphonic acid, and of higher imidc— 
polyphosphonic acids."^0 
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V 
CI Cl 
I I 
Ph-P=N-P-Ph 
I I 
Cl Cl 
\ 
Cl 
Imido diphenyl diphos-
phonic acid chloride 
Ph-P=N 
Cl 1 Cl 1 
-P=N 1 
-P-Ph 
1 
Ph x Cl , 
Imido polyphosphonic acid 
chloride (x = 1 or 2) 
Cl 
PhPS Cl^ and PhP Cl^: N PS(Ph)ci, are also among the reaction products.'''^ 
( v i i ) Reaction of S,M, with CN~ x ' 4—4 
S^ N^  i s readily attacked by CN (a powerful thiop h i l e ) to form a red 
so l i d of composition (KCN^S^)^ which could not be obtained free from KNO^ . 
I t appears that one sulfur i s removed from the S^ N^  r i n g forming a s i x membered 
187 
r i n g as fo r triphenyl phosphene (above). The tentative structure i s proposed: 
2K 
. S N v N N • 
/ \ Ml / 
N S - N - C - N - S 
\ / 1 " \ 
S N CEN N 
N 
(Viii .) Ion and free radical formation by S.N, *—4-4 
I n the reaction between t e t r a s u l f u r tetraimide S^(NH) , and triphenyl 
sodium, various colour changes are observed, and the compound (Na +)^ Si^ N\^  i s 
36 S^ W^  reacts with potassium metal i n dimethoxyethane under f i n a l l y formed.' 
vigorously dry conditions to again give various colour changes which have been 
interpreted as the following anion formations'.-
S 4 N 4 — > S 4 N 4 ~ — * S A 2 " — ^ S A 3 " 4 2 4 4 ' 4 4 
4- 93 
An esr. spectrum of the solution shows nine lines of r e l a t i v e i n t e n s i t i e s : 
I:4:10:l6:19:l6:10:4s1» which i s consistent with a hyperfine i n t e r a c t i o n with four 
equivalent nitrogen atoms, showing that the negative charge on the S^ N^  anions i s 
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191 delocalised throughout the ion. 
S^ N^  reacts v/ith 100% s u l f u r i c acid via a complicated mechanism to give 
192 
a number of decomposition products. The overall reaction may be summarised: 
S^ N, + 6.8 H^ SO,, y 2S0o + 1.5 NHjSO, + 1.5 NH.+ + 0.1 S 
1.6 HS207~ +~0.4 HS04" +^0.3 H 2 S2°7 + , v | [ 0 ' 5 S6 N2°8 H +1 + 'v 
The coefficients of several of the species are very inaccurately known, 
and the l a s t species i n the equation was empirically formulated to balance atoms 
and charges, and therefore i t s formula has p r a c t i c a l l y no significance, although 
192 113 i t probably contains an S-N bond. I t has been suggested that t h i s species 
+ + 2 + 
may be S^ N which i s the missing member of the series: Sg^, S^ N , , stable 
193 
to concentrated s u l f u r i c acid. 
The radical ion ^ a s keen i d e n t i f i e d by epf. spectroscopy when S^ N^  
i s dissolved i n 100% s u l f u r i c acid. I t contains two equivalent nitrogen atoms 
and sulfur atoms (by using S^ N^  enriched with ^ S ) . I n 95% s u l f u r i c acid, 
coupling between two equivalent hydrogen atoms was observed, and also weak 
coupling due to ^ S atoms, but lines due to nitrogen coupling were absent. 
At temperatures below 0°C, chemical or e l e c t r o l y t i c reduction of S^ N^  i n 
THF produces a nine-line esr. spectrum characteristic of a radical with four 
194 
equivalent nitrogen atoms, however the isotropic spin Hamiltonian parameters 
obtained from the observed spectrum are s i g n i f i c a n t l y d i f f e r e n t from those found 
by Chapman and Massey and assigned by them to the radical anion S^ N^  . I t was 
concluded that the radical produced below 0°C i s S^ N^  which then decomposes at 
higher temperatures to give a series of products which appear to be precursors of 
194 
the radical observed by Chapman and Massey. 
Radicals produced by the chemical and e l e c t r o l y t i c reduction of S^ N^  and 
S.N..C1 have also been studied by Pratt, and the radical anion of S.N. (S.N* ) 4 3 J » 4 4 4 4 
prepared. 
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The c y c l i c radical S-_I_+ has been observed from the esr. spectrum of 
S^ N^  i n concentrated s u l f u r i c acid and i n antimony pentafluoride (strong Lewis 
acid;. 
From a study of the electrochemical reduction of S^ N^  i n pyridine 
197 _R ? _ i 
S o l u t i o n - t h e v a l n e a n f t.ho H i f f i m - t nri n n o f f i r>i _m+.. T>— 9 7 - v - m - ' Pm R 7 —• — — • 1 -"- " *-» , 
and the coulometric number i n the absence of slow coupled chemical reactions, 
n = 1.05 Faraday mole have been reported with an accuracy of approximately ICP/o. 
(See also electrolysis of S^ N^  solutions, Chapter 3i t h i s thesis). 
( i x) Reaction of S^ N^  with free radicals 
Liquid b i s ( t r i f l u o r o m e t h y l ) nitroxide r a d i c a l , (CF_)^NO'reacts 
qua n t i t a t i v e l y at room temperature with S^ N^ , S^NH)^ or (NSCl)_ to form i n 
each case, t e t r a t h i a z y l t e t r a ^ b i s ( t r i f l u o r o m e t h y l ) n i t r o x i d e j f^98 
S^N^^ON(CF-)-^] 4 > (a white, stable, c r y s t a l l i n e s o l i d ) . X-ray d i f f r a c t i o n 
studies show tha t the structure resembles that of ( i T S F ) ^ 1 ^ ' 2 0 0 
(X) S^ N^ , hydrolysis and decomposition reactions 
S^ N^  i s quantitatively hydrolysed by 0.5 M NaOH solution i n a homogeneous 
medium to form s u l f i t e , t h i o s u l f a t e , sulfate and a small quantity of s u l f i d e , the 
201 
r e l a t i v e proportions depending upon the conditions of hydrolysis. With aqueous 
ammonia solution, t h i o s u l f a t e , s u l f i t e , sulfate and sulfamate ( v i a t r i t h i o n a t e ) 
are formed, but at 100°C with an ammonia concentration greater than 15 M, an , .. 202 explosive reaction occurs. 
Hydrolysis i n acid i s slower than i n a l k a l i , the main product being sulfur 
dioxide. Other products are elemental s u l f u r , hydrogen s u l f i d e , and small amounts 
201 
of thiosulfate and tetrathionate. 
Hydrolyses i n neutral media have also been studied. With sodium s u l f i t e , 
201 
£•4^ 4 q u a n t i t a t i v e l y forms t r i t h i o n a t e and with anhydrous hydrogen iodide i n 
carbon tetrachloride, the quantitative reaction occurs: 
S ^ + 20 HI y 4 H2S + 4 NH^ + 10 I ? 203 
I n a l l hydrolytic reactions, there i s complete conversion of nitrogen 
to ammonia. 
High voltage paper ionophoresis has been used to i d e n t i f y the hydrolysis 
8 7 
products of S^ N^ ."' I n strong a l k a l i solutions, the hydrolysis proceeds: 
S.N, + 6 OH" + 3 H_0 ^ So0,2" + 2 SO,2 + 4 MH, 
4 4 d / d 5 3 3 
and i n weak a l k a l i : 
2 + 6 OH" + 9 H20 ^ 2 S 50 6 2" + S ^ 2 " + 8 NH^ 
The reactions i n concentrated s u l f u r i c acid have been discussed (previous 
section) and the oxidative reactions with chloramine-T are discussed i n the 
88,89 
organic section. 
b. Organic Chemistry of S^ H^  
S^ N^  has been recently shown to have a wide organic chemistry. I t can 
behave as an inorganic diene towards olef i n s and other hydrocarbons, where the 
S-N r i n g i s preserved but changed i n conformation. I t i s also quite reactive 
towards nucleophilic s u b s t i t u t i o n , and although the products d i f f e r considerably 
from one reaction to another, they generally arise from a nucleophilic attack 
on su l f u r , with the destruction of the sulfur-nitrogen r i n g system. 2^ 
( i ) Reactions of S^ N^  as an inorganic diene 
S^ N^  reacts with dieneophiles, such as cyclopentadiene (C^Hg), bicycloheptene 
(norborhene, C^H1Q) and bicycloheptadiene (C^HQ) to form (C^Hg)^ ^ C7 Hio^2 S4 N4 
and (C^Hg) 2 S^ N^  respectively. 205 
The products were thought to have the structures (Figure 1.9)'.-
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f 
> 
4 
Figure 1.9 
e.g. 
+ S.N 4 4 
norbornene C„H 7 10 N 
(2 CJB,-)* S,N 7 10 
Similarly f o r the other olefins where the o l e f i n i s bonded to alternate 
sulfur and nitrogen atoms, however these structures were based on uv. data only, 
and Gleiter on theoretical grounds argued that t h i s structure was u n l i k e l y , and 
86 
suggested that the o l e f i n adds to the transannular bond i n the f i r s t step. 
206 207 
Later work ' shovred that the dieneophile i s bonded to S^ N^  through the 
nitrogen atoms, and proposed the exo-cis stereochemistry. The shape of the 
S^ N^  cage i s not d r a s t i c a l l y altered as the r i n g remains i n t a c t , and only the 
S-S interactions are l o s t (Figure 1.10). The reactions were carried out i n 
r e f l u x i n g d i e t h y l ether (24 hours). The yields were high (94-98%). Figure 1.10 
e.g 
N N rrr^ Et„0 + S.N 24 hrs. 
N N 
norbcrnene CLE 7 10 
S.N «2 C„H 7 10 
Figure 1.10 (Contd...) 
exo-cis 
S^N,;(2C 7HJ 
S^ N^  f a i l e d to react with many other dieneophiles and active o l e f i n s , 
and i t was concluded that the observed reactions are examples of 1,3-dipolar 
207 
additions to a class of dipolarophilic o l e f i n s . 
( i i ) Reactions of S^ N^  with negatively-substituted acetylenes 
S^ N^  reacts with negatively-substituted acetylenes i n r e f l u x i n g benzene 
208 
to give the corresponding 3i4-disubstituted 1,2,5-thiadiazoles (Figure l . l l ) . 
I n addition there i s isolated from the dicyano-acetylene (x = CN) reaction 
a second cyano compound fo r which the structure I l ( a ) i s proposed: 
Figure 1.11 
e.g. 
S.N. + X- CEC-X 4 4 
X = CN, C0oCH, £ 3 
N N 
X X 
( I ) 
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Figure 1.11 (Contd...) 
( I I ) 
+ 
(a) X = CN _ y / S ^5^^ 
(b) X = CF2 N N 
3 \ / ( H I ) 
s s 
The formation of the above products has been rationalised on the basis 
of a 1,3 addition of the acetylene to the (N = S-N~<->NSN) portion of S^N^, to 
give a b i c y c l i c intermediate which can collapse to I and I I I . A similar 
208 
addition of acetylene to I I I may then lead to I I . 
209 210 211 
( i i i ) Reactions of S^N^ with saturated and aromatic hydrocarbons ' 
A mixture of S^N^ and ethyl benzene was refluxed, d i e t h y l ether added, 
the mixture f i l t e r e d and the f i l t r a t e d i s t i l l e d . Products of the type : 
7/ R=Et 
N R=Ph 
were formed. ( l , 2 , 5 thiadiazoles) 
Other hydrocarbons were also used. Similar 1,2,5 thiadiazoles were 
prepared by reacting S^N^ with compounds containing R CH^R* (R = a r y l , 
R' = a r y l , H),acyclic N-C-C-N or R-CH 2-CH(NH 2)R', (R = a r y l , R1 = a l k y l , H) i n 
re f l u x i n g xylene. 
2 u"v«" 2> 
210 
S^ N^  also reacts with some fused aromatic r i n g systems to give 1,2,5 
211 
thiadiazoles as well as causing dehydrogenation i n the hydrocarbon. The 
reactions were carried out either i n r e f l u x i n g xylene, or by i n i t i a t i o n with 
U.V. radi a t i o n . (Figure 1.12) 
Figure 1.12 
/ = \ / = \ C M 
N N V/ 
00 NT \ 
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( i v ) Reaction of S^ N^  with Grignard Reagents 
S^ N^  reacts with Grignard reagents (R Mg Br, R = a r y l , a l k y l ) to form 
c r y s t a l l i n e stable compounds of the type: R.CgH^ .SN:S:NS.CgH^ R ( l i n e a r ) 
212 
(R = H,Cl,Br and OMe). The ether solution of the Grignard reagent i s 
added to a benzene solution of S^ N^ . With ethyl magnesium bromide, a red 
unstable o i l , of composition C^ H^ S^ N^  and proposed structure: Et SN:S:NH i s 
mag 
213 
formed. Phenyl magnesium bromide reacts with S.N. or S,N~C1 to form 
4 4 ? d d 
Ph S.N:S:N.SPh. 
(v) Reaction of S^ N^  with acetyl chloride 
S^ N^  reacts with r e f l u x i n g acetyl chloride to y i e l d S^N^Cl and 
214 21*5 
diacetamide. ' I t i s thought that the reaction proceeds via traces of 
HC1 i n the acetyl chloride, forming S^N^-HCl as an intermediate. 
( v i ) Reaction of S..N,, with substituted diazo methanes / 4-4 
^4^4 r e a c t s with diphenyl diazo methane (PhgCN^) i n di e t h y l ether, and 
with 9-diazofluorene i n benzene to form d i p h e n y l i d e n e - t r i s u l f u r t e t r a n i t r i d e 
(Ph0C:) S,N. (orange-brown needles) and (C,,H 0:) 0 S^ N^  (green-black metallic d d 5 Q i.? o d 3 d 
216 
needles) respectively. The compounds have the structures: (Figure 1.13) 
Figure 1.13 
Ph 2 C=N-S-N=S=N-S-N=CPh2 (Ph^C: ) S ^ 
(I) 
(CH. i , S,N C=N-S-N=S=N-S-N=C is1 '8*'a. - ^ ' H 
II) 
1 
-40- * 
A crystal structure on (Ph 2C:) 2 S^ N^  has confirmed the chain structure 
and has shown that the f i v e central members of the sulfur nitrogen chain are 
217 
coplanar. This indicates some 7Tbonding along the chain. 
( v i i ) Reaction of S.M, with amines 4-4 
Schenk reported that S^ N^  reacted with benzylamine at 100°C to form 
ammonia, sulfur and triphenyl-S-triazene, and at 20°C, the thioamide of t h i o -
213 204 benzoic acid, but the structures of these materials remains i n doubt. 
More recent work has shown that S^ N^  reacts with benzylamine to form benzylidinimine 
204 219 220 
tet r a s u l f i d e (yellow needles) ammonia and sulfu r . ' ' Di-and probably 
t r i s u l f i d e s of benzylidinimine are also formed: 
S.N. + C.HC CH_NH0 > S 0 + NH, + C,H\-CH = N-S -N=CH C.HC 
4 4 ° 5 2 2 ' 8 3 6 5 x 6 5 
(x = 2,3 or 4) 
The reaction was carried out i n the pure l i q u i d since the yields are 
quantitive and the presence of other solvents reduces the yiel d s . The structure 
221 
of the te.trasulfide (x = 4) has been determined. I t shows alter n a t i n g S-S 
bond lengths, and a short S-N bond. There i s probably l i t t l e 7T bonding along 
the s u l f u r chain, although there may be some 7Tbonding i n the S-N bonds. 
The reaction i s quite sensitive to structural changes i n substituents on 
the aromatic r i n g . 
(a) The reaction appears to be li m i t e d to r i n g substituted benzylamines. 
219 
(b) Electron withdrawing groups resu l t i n more sulfur and less imides, 
while electron releasing groups favour the formation of the imide t e t r a s u l f i d e . 
(c) The reaction i s f a i r l y specific; f o r example, benzylamine and 
oc-methyl benzylamine do not appear to give similar species, and phenyl hydrazine 
with S^ N^  gives diphenyl sulfide and diphenyl d i s u l f i d e as major products, along 
219 220 
with sulfur and ammonia. 
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Benzylidinimine t e t r a s u l f i d e undergoes thermal decomposition to y i e l d 
hydrogen s u l f i d e , benzonitrile, s u l f u r and triphenyl-S-triazene as the major 
A 4. 204 
products. 
-42-
(B) Other Sulfur Nitrides 
1. Introduction 
Several other sulfur n i t r i d e s are known, as well as S.N, which i s the 
4 4 
most important sulfur n i t r i d e . These are: S 2 N 2 ' S4^2' ^ S N^x ( P O L V I N E R I C sulfur 
n i t r i d e ) , the fused r i n g n i t r i d e : s;Q N2' A N D T H E C O U P L E D r i n g n i t r i d e s : 
S_N-Sx-NS_ (x = 1,2,3 °r 5)- The fused and coupled r i n g n i t r i d e s are s t r u c t u r a l l y 
closely related to the sulfur imides, and so are discussed i n that section. Very 
l i t t l e i s at present known about the other three n i t r i d e s , and these are 
discussed i n t h i s section. 
2. Disulfur D i n i t r i d e S-N-
( i ) Preparation 
Disulfur d i n i t r i d e i s prepared i n good y i e l d by passing S^ N^  vapour at 
222 22^ 5 
low pressure (10 mm. mercury) through heated s i l v e r wool at about 300 C, ' 
224 
lower temperatures and pressures may also be used. The s i l v e r wool removes 
the sulfur decomposition product as s i l v e r s u l f i d e . The S_N_ i s p u r i f i e d by 
222 223 22*5 
sublimation under high vacuum at room temperature. ' 
( i i ) Physical properties 
222 226 
S-N- forms large colourless crystals, ' which are insoluble i n water, 
but soluble i n benzene, carbon tetrachloride, ether, acetone and p a r t i c u l a r l y 
give 
34,227,228 
223 
tetrahydrofuran and dioxane. I t i s also soluble i n l i q u i d ammonia to give 
red solutions which are i d e n t i c a l to solutions of S^ N^  i n l i q u i d ammonia.' 
I t can be r e c r y s t a l l i s e d from ether at -70°C. 
S-N- has a repulsive smell, and i s the least stable of the sulfur imides, 
o 8 9 222 233 
detonating with f r i c t i o n , shock, or on heating above 30 C. ' 
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( i i i ) SJfl„ Molecular structure 
^ 
The cryoscopic molecular weight i n benzene corresponds to $2^2' an(* 
the infrared spectrum indicates a planar, nearly square r i n g structure with 
230 
•mating S and N atoms. (Figure 
229 
alte r n a t 1.14) The Raman spectrum could not be 
Figure 1.14 
1-62 A 
S 85 
§2^2 has been considered as a member of the "electron r i c h " aromatic 
series of sulfur-nitrogen compounds, together with S^^, S^ W^ +, and S^N^+, 
S^ N^  being a 6T\ electron system.^^'^^ (See discussions i n Chapter 6). 
( i v ) S^ N^  Reactions 
SgWg is a very reactive compound. I t s reactions may be divided i n t o 
f i v e types: (a) Polymerisation; (b) Adduct formation; (c) Ring expansion; 
(d) Formation of t h i o n i t r o s y l complexes; (e) Decomposition and hydrolysis. 
(a) Polymerisation 
SgNg i s easily polymerised. I n the presence of traces of a l k a l i or cyanide 
i n an organic solvent, $2^2 r a P ^ ^ v quantitatively polymerises to S^ N^ . 
However, when pure, dry SgN^ i s stored i n an evacuated desiccator for 30 days, 
almost quantitative conversion to (SNJ x occurs. (See l a t e r discussion on (SNJ^) 
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(b) Adduct formation 
S_N„ forms adducts with Sb C l c , B CI, and BF,. The reactions with Sb C l c 2 d D 3 3 0 
231 
are represented by the equations: 
Sb CI,, excess SJtf 
S_N- ^ ^ 9 Sh Cl_ s S.N . Sh m . 
CH0 C l 0 3 Sb C1 K 3 2 2 5 1 ~ 0 ~ 2 
S^N^, Sb CI,- (mainly) 
The c r y s t a l structure of the diadduct shows a planar S-N ring, with 
232 
antimony bonded d i r e c t l y to nitrogen: 
S 
C l c Sb N ^ Sb C l c 
N s 
V/ith B C l ^ i n CH2 C l 2 ; B C l ^ ; S 2N 2 (B C l ^ ) 2 ; and apparently polymeric 
(S 2N 2, B Clj)_^ can be formed; whereas with BP^, only S^N^, BF^ i s formed. 
( c ) Ring expansion 
233 
S 2N 2 reacts with S 2 C l 2 to form S^N^Cl, thus showing the same reaction 
as S.N.. 4 4 
(d) Formation of t h i o n i t r o s y l complexes 
S 2N 2 reacts with f i n e l y divided metals (e.g. Pd, Ni, Co) to form metal 
t h i o n i t r o s y l s : 2 5 5 e.g. 2 S ^ + Pd — > P d ( S N ) 4 > 
226 
Nickel carbonyl also reacts with S 2N 2 to give Ni(SN)^ (See also section 
on metal t h i o n i t r o s y l s of S^N^). 
(e) Decomposition and hydrolysis 
o 144 
S 2N 2 decomposes to i t s elements when heated i n a sealed tube at 250 C. 
2— 2~ 233 
In a l k a l i n e solution i t rapidly hydrolyses to S^Og ~, s 2°3 ~ a n d a n d i n 224 233 moist a i r to a mixture of products including S.N and a l i t t l e (SN) . ' 4 4 3c 
-45-
3. Tetrasulfur Dinitride S^N^ 
9 This compound has been reviewed i n d e t a i l by Heal. 
234 
S^N^ was f i r s t prepared i n 1897» and i s normally prepared by heating 
o o 222 S.N. v/ith sulfur at 100 to 120 i n CS„ solution i n an autoclave. The 4 4 2 
4 222 
reaction mechanism i s complex and not yet completely understood. ' ^4^2 
may also be prepared by the unusual reaction: 
CS 
Hg 5(NS) 8 + 4 S 2C1 2 I > Hg2 C l 2 + 3 HgCl 2 + 4 S ^ 1 5 1 
20 C 
Other preparative routes include the combination of SO,, with NH^  at 80°, 
235 
followed by hydrolysis, and refluxing S^N^ for several hours i n benzene or 
xylene, to produce small y i e l d s of S^N2, although t h i s has not been f u l l y 
.. . . 4,236 investigated. 
S^N2 forms opaque, dark red crystals,^'^22,237 ^ j ^ h m e l t at 23° *^»^58 
to a dark red l i q u i d resembling bromine. I t has a density of 1.71g cm • 
When pure, i t decomposes i n a few hours at room temperature, and explosively at 
100°.^ I t i s more stable i n CS 2 solution, and can be sublimed at room temperature, 
at pressures below 1 mm. mercury. I t may be p u r i f i e d by sublimation or by 
2 "57 
chromatography (C S 2 e l u t a n t ) . I t i s soluble i n a variety or organic solvents, 
including benzene, nitrobenzene, hexane, carbon d i s u l f i d e , carbon tetrachloride 
2 38 
and ether, p but i s insoluble and slowly hydrolysed by water. The various 
237 
spectra of S^ N,, have been extensively studied. 
2^6 2*57 
Cryoscopy i n benzene gave the formula S^ N,,, and Heal showed that 
S^N2 i s a single substance, with the structure: 
I I S * 
N N H 
from a study of the UV, v i s i b l e , infrared, Raman, ^^ N nmr and mass spectra, 
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chromatography and dipole moments. The ring may be planar or puckered. 
S^N^ can be regarded as a member of the "electron r i c h " sulfur-nitrogen 
rin g systems,101fl06 should be planar (unless the T\ -bonding i s too weak 
for the sulfur atom bonded only to s u l f u r ) . So far, no x-ray crystallographic 
work has been undertaken, mainly due to the i n s t a b i l i t y of the S.N„ c r y s t a l s . 
- - • - - 4 * 
The chemistry of S^N^ has been l i t t l e studied. I t combines with Sb C l ^ , 
to give a moisture sensitive compound of approximately 1:1 stoichiometry togather 
9 24.0 with S.N., Sb CI,- and S.N, Sb CI,, 1 but there i s no reaction with B CI,. 4 4' 5 4 3 6' 3 
With chlorine, S.N., S.N,CI, and S,N0C1 are formed. S.N„ i s e a s i l y reduced ' 4 4' 4 3 3 2 4 2 J 
by HI i n anhydrous formic acid: S Ng + 6H + + 6 l " — > 3 I 2 + 4S + ZMLy2^ 
Reduction with hydrogen and palladium, potassium borohydride, sodium 
dithionate, lithium aluminium hydride or hydrazine, gives a mixture of c y c l i c 
eight membered sulfur imides,^ and a report that S^NH^ could be prepared by 
241 9 the reduction of S^N^ by t i n I I chloride could not be repeated. 
I n concentrated s u l f u r i c acid, S^N^ gives r i s e to a weak esr. spectrum, 
i d e n t i c a l to that of S^N^, and a reaction of the form: S^ N,, -e —^ SE^+ + 3S 
242 
i s postulated. 
4. Foly t h i a z y l (SN)^ 
The only known preparative route to th i s compound i s to store p u r i f i e d 
$2^2 ^ o r ^ days at room temperature or at -195°C i n an evacuated desiccator, 
222 233 243 
during which time polymerisation occurs. » >^ > 
(SN) x i s of in t e r e s t mainly due to i t s unusual e l e c t r i c a l properties. 
I t conducts e l e c t r i c i t y , ^ ' ^ ^ i s diamagnetic^'' and has been reported to exhibit 
245 
semi-conductor properties, although a l a t e r paper showed i t to be metallic 
over the entire temperature range 4.2 to 300°K.^^ 
(SN) x appears as fibrous c r y s t a l s up to 3 mm. long and of density 
2.19 g cm^ 244 which have a br a s s - l i k e metallic l u s t r e , the layers appearing blue 
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to transmitted l i g h t . I t i s insoluble i n common organic solvents, 
255 hydrolysed by concentrated aqueous a l k a l i and slowly hydrolysed by moisture. 
V/ith B C l ^ at 20°C a reaction occurs over several days to form a compound 
postulated as (S_N„, B Cl_) based on infrared studies. r \ 2 2' 5'x 
The precise structure of (SN)^ i s unknown, since s u f f i c i e n t l y good 
c r y s t a l s for x-ray d i f f r a c t i o n work have not yet been obtained, however a 
p a r t i a l structure has been deduced. The dimensions of the unit c e l l have been 
245 
determined, i t i s monoclinic and contains four S-N r a d i c a l s per unit c e l l . 
The structure i s usually considered as a zig-zag chain of alternating 
S and N atoms,4j8f226,245,246 w i t n e i e c t r o n d e l o c a l i s a t i o n , 2 ^ and rings and 
51 
r i n g currents are probably absent. Simple Huckel theory has been applied 
to (SN) x, assuming i t to be a l i n e a r polymer. 247 
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(C) Sulfur-Nitrogen Chlorine Compounds 
1. T h i o t r i t h i a z y l Chloride S^N,C1 
S.N,C1 i s one of the most stable, and also one of the easiest s u l f u r -
4 3 
nitrogen compounds to prepare. I t can be prepared from most other sulfur-nitrogen 
17 
compounds and i s often formed quite unexpectedly or appears as an impurity i n 
many other reactions. 
( i ) Preparative routes 
(a) Preparation from S,N»C1,, or (NSC1), 
When either S.N. or SJLC1_ i s refluxed i n C CI .with excess S„C1_. S.N,C1 4 4 3 2 2 4 2 2* 4 3 
• * _ • +-4. +• • 26,52,129,248,249 i s formed m quantitative y i e l d s . ' ' ' 1 
i . e . 3 S 4N 4 + 2S 2 C l 2 »4 S ^ C l 
3 S 5N 2C1 2 + S 2C1 2 >2 S ^ C l + S C l 2 
52 
These are the best preparative routes to S ^ ^ C l . S ^ ^ C l i s also formed 
when (NSCl)j reacts with SgClg 2^ 8 and when S^NgClg i s refluxed i n C C l 4 or 
SOCl,,.^ 8 Thionyl c h l o r i d e 1 ^ 0 ' ^ 8 and acetyl c h loride 2 1^' 2 1 5 » 2 4 8 a l g 0 chlorinate S„N. to y i e l d S.N,CI, although the y i e l d s are lower than with S 0C1 0. S.N,C1 may 4 4 4 ? ^ 4 3 
be r e c r y s t a l l i s e d from thionyl chloride or anhydrous formic acid.^"^'"''^8'"'"8'' 
(b) Reaction of s u l f u r halides with ammonia 
S ^ ^ C l may be prepared d i r e c t l y by passing ammonia gas into a solution 
253 
of SgClg diluted ten to f i f t e e n times with an i n e r t solvent. ^ The y i e l d i s 
ocn PCs! ORQ 
about 45%. ' ' Sulfur bromides may also be used to form S^^Br. y 
( c ) Reaction of s u l f u r chlorides with azides 
S.N_C1 can be prepared by s t i r r i n g S 0C1„ into a suspension of lithium azide 4 ) £ £ 
i n an i n e r t solvent. Some S 4N 4 i s also produced, and the reaction i s thought to 
proceed v i a intermediates such as S 2 ( N ^ ) 2 and S-N r a d i c a l s . 
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(d) Preparation from S^N^Cl 
I f S ^ G ' l i s heated between 1^0° and 150° i n vacuo, NSC1, SC1_ and S.N_C1 
are formed. 
(e) Preparation from S.N. and bromine 
4 - 4 
S.N. reacts with bromine to give a mixture of mainly S.N_Br and S,N 0Br 0; 4 4 4 ) ) ' ' 
128 
3^N^3r may be separated by extraction with l i q u i d SO,,. 
( i i ) Physical properties 
S^N^Cl i s normally formed as small shining golden-yellow tablets, or as 
a b r i l l i a n t yellow powder. Very slow r e c r y s t a l l i s a t i o n from thionyl chloride 
49 
y i e l d s orange-red c r y s t a l s . I t i s insoluble i n most solvents, except thionyl 
chloride and anhydrous formic acid, and decomposes i n many organic solvents, 
including acetone, benzene, acetic acid and chloroform, developing a red 
colouration. 
I t melts, with decomposition, i n the range 180°-200°C,^ with the 
251 
development of red fumes. A blue luminescence on heating i n a i r has also 
254 26 been reported. I t i s stable i n dry a i r , but i s slowly hydrolysed by moisture. 
( i i i ) Structure 
S^N^Cl was f i r s t prepared i n 1880, ' a.nd the correct formula soon 
l6 248 257 
established, although various structures were proposed. ' ' Salt formation, 
cryoscopy and conductivity measurements i n anhydrous formic acid showed that 
258 259 i t was i o n i c . The average oxidation state of sulfu r was 2.5» and the 
260 26l 
correct structure was determined by Weiss, ' from an x-ray d i f f r a c t i o n 
study of S^N^NOy The S^N^ cation i s a seven membered planar ring with short 
S-N bonds. Tl 
(Figure 1.15) 
he structure has been confirmed by Cordes, and Kruss. ^ 9 
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Figure 1.15 
2.06 k 
1-56A/ S \ 1.52A 
N 1 N S 4N 5 + (planar) 
I'O / A \ / n 
1 . 6 0 A ^ N ^ 1.54A 
Several theories were advanced to r a t i o n a l i s e the bonding in S^N^+, the 
main problems being the nature of the di s u l f i d e S-S bond, and the contribution 
. o. 
of electron delocalisation. Bond lengths (N-S = 1.55 A) suggested a bond 
order of 2 for WS bonds, but a single d i s u l f i d e bond (2.06 A), and Bailey, 
from infrared, Raman and u l t r a v i o l e t data, concluded that there was incomplete 
electron delocalisation i n the ring, due to the d i s u l f i d e bond. These spectra, 
15 95 
and the N nmr spectra, were shown to be consistent with the proposed ring 
structure. 
266 
From i t s u l t r a v i o l e t spectra, i n a c i d i c media, Johnson proposed a 
model which involved a delocalised 10tt electronic system involving s u l f u r 
Off] 
d-orbitals, which was interrupted by the d i s u l f i d e l i n k . Friedman also 
proposed a IOtt delocalised system with limited delocalisation across the 
di s u l f i d e bond, by application of a semi-emperical s e l f consistent f i e l d 
Molecular Orbital Procedure. 
The most recent theories on treat i t as a member of the "electron 
r i c h aromatic" sulfur-nitrogen s e r i e s f ^ 5 » 1 0 6 ^eing a c o m p i e t e l y delocalised 
10~r\ electronic system. (See discussion i n Chapter 6) . 
( i v ) S,N,C1 Reactions -4-5 — 
S^N^Cl contains a stable unsubstituted r i n g and therefore i t s chemistry 
i s l e s s varied than for other sulfur-nitrogen compounds. The main types of 
reaction are: (a) s a l t formation, (b) r i n g expansion, ( c ) hydrolysis and 
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decomposition. A few other reactions of S^N^Cl, e.g. with triphenyl phosphine 
and amines, have also been described. 
(a) S a l t formation 
S^N^Cl r e a d i l y forms s a l t s with other anions. There are three main 
methods of s a l t formation:-
( i ) Metathesis i n water, formic acid or other solvents. 
( i i ) Reaction with l i q u i d concentrated acids, displacing 
C l " as HC1. 2 6 8 
( i i i ) Reaction with a Lewis acid, e.g. i n thionyl chloride, 
to form the tetrachloro metallate, or with SO^ to form 
so 5 c i~ . 
The following s a l t s have been described (Table 1.3)* 
Table 1.3 
S.N, +_anion ^fF^3'^™ Reference S,H^+ anion Preparative Reference —4-3 Method —4—3 Method 
C l " - - SO^F" ( i i ) & ( i i i ) 272,273 
Br" ( i ) 258,269 so ,c i" 
3 
( i i ) & ( i i i ) 272,273 
SCN" ( i ) 258,269 Sb C l 6 ~ ( i i i ) 258 
B Ph." 
4 ( i ) 258 Sb Cl ~ 4 ( i i i ) 258 
N0 5" ( i i ) 256,260 
261,270 
Sb Cl " 
5 
( i i i ) 258 
HSO." 
4 ( i i ) 256,266 Fe Cl " 4 
( i i i ) 184 
CIO." 
4 ( i i ) 266 Al C l . " 4 ( i i i ) 184 
N(SO 2CI)~ ( i i ) 271 ^Sb Cl " 
5 
( i i i ) 286 
1.5 HF ( i i ) 16 Bi C l . " A 287 
As C l . Recryst. from As Cl 113 
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S ^ C l also forms adducts with SO^ of composition: S ^ C l , ( 2 . 7 -2 .9)SCy 
which forms S^N C1»2S0 on h e a t i n g . 1 5 2 The compounds S^M^OH- and [ j S N ) 2 SOR~] 2, 
reactir 
251,257 
are formed by cting S^N^Cl with aqueous sodium acetate at 0° and 20°C 
respectively. 
(b) Ring expansion 
S.N^Cl reacts with aluminium or lithium azides to form S.N.. (See 4 3 4 4 
preparative routes to S ^ N ^ i i i ) ) . 
( c ) Hydrolysis and decomposition 
S^N^Cl hydrolyses slowly i n strong acid, to form NH^+ and S0 2, and i n 
2- 257 
strong base to give NH^ , SCv, and SgO^ . The decomposition of S^N^Cl by 
dilu t e acid and piperidine was studied to determine the average oxidation state 
259 
of s u l f u r . I n a l l these reactions, nitrogen i s quantitatively converted to 
ammonia, which i s consistent with the absence of N-N bonds i n S,N,+. 
4 3 
(d) Reactions with triphenyl phosphine 
S^N^Cl gives a complex s e r i e s of reactions with Ph^P, i n which compounds 
of the type: [ph PiNP'Phj] CI, []ph PNHg"] CI, and ^Ph^Pff) ^s] C l ^ are formed. 
274 
Further reactions also occur. 
(e) Reaction with amines 
S.N,CI reacts with amines, even i n trace quantities, to form highly 4 3 
275 
coloured, unidentified compounds which decompose i n a few minutes. 
(v) S„N,C1 use3 - 4 - 3 
The compounds S^N^X - (X = CI, Br, SCN) have found uses as vulcanizing 
agents with c e r t a i n types of rubber, and S^N^Cl i s also a useful fungicide. 
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2. Thiodithiazyl Dichloride SJiUCl^ 
( i ) S,N nCl-Structure —3~2—2 
Very l i t t l e work had been undertaken on S^N^C^ before the st r u c t u r a l 
189 
determination by Zalkin i n 1966. 
189 
The structure shows S^^Cl,, to be monoclinic of space group P2, and 
0*71 
with the ionic structure: S,N-C1 C l ~ , S,N0C1 PCI." has a si m i l a r structure. 
3 d 3 <L 4 
The S-N atoms form a puckered five membered ring (Figure 1.16) 
Figure 1.16 
1-581 A / \1-615A 
1-617 A \ ^ v _ ^ Z l - 5 4 3 A 
S 3 N 2 C l + 
The s u l f u r atom bonded to exocyclic chlorine i s out of the plane of the 
other four r i n g atoms. S ^ ^ C l * i s regarded as a "pseudo" electron r i c h aromatic 
ring, containing a 67*delocalised electronic system. 1 05» 1 0^ ( g e e discussion, 
Chapter 6). 
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( i i ) S,N^C1^ Preparative routes 
(a) Preparation from s u l f u r , ammonium chloride and S„C1^ 
This i s the most convenient preparative route, and involves heating the 
reagents i n a large flange topped f l a s k , f i t t e d with an a i r condenser; the 
c r y s t a l s form on the sides of the c o n d e n s e r , ( s e e experimental section). 
The S^N 2C1 2 i s thought to be formed by the reaction of ^2C12 w i t h N H 4 + t o g i v e 
NSC1 v/hich then reacts with hot S^Cl^ (acting as a source of s u l f u r ) to give 
S^NgClg which c r y s t a l l i s e s out as the SgClg/NSCl mixture cools.113»278 
(b) Preparation from t r i t h i a z y l t r i c h l o r i d e and S^Cl^ 
As indicated by the above preparation, S^N^Clg can be formed when (NSCl)^ 
and S 2^2 a r e s* i a* c e n together. 
( c ) Formation from S^N^ i n thionyl chloride 
S.N. reacts with S0C1_, i n the presence of Fe C I , or Al C I , to give a 
4 4 ^ j j 
mixture of tetrachloro metallates (MCl^ ) of the cations S^NgCl*, S^N^+ and 
(d) Chlorination of S,N^C1 
S^N^Cl can be chlorinated i n thionyl chloride solution i n the presence 
of Fe C I , or Al C I , to give the corresponding S,N0C1 s a l t . (See Chapter 7» 
5 3 5 ^ 
thi s t h e s i s ) . 
( i i i ) S,N„C1^ Reactions 
—j—c. c. 
S^N^Clg i s an important s t a r t i n g material for other sulfur-nitrogen 
compounds, and i s the easiest one to prepare from compounds not containing 
S-N bonds. 
The following reactions summarise the main preparative uses of S^NgClg. 
(See experimental section). 
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{&) 3 S 3 W 2 C 1 2 8 0 C > 2 S,N2C1 + 2 NSC1 + S C l 2 2 4 9 Vacuum 
(b) 3 $f2C12 + S 2C1 2 r e f l u X > 2 Cl + S C l 2 2 4 9 
4 
( c ) S 3W 2C1 2 + SO C l 2 > S 4 N 5 C 1 U o t h e r p r o d u c t s ; 1 4 8 
(d) 3 S,N„C1„ + 3 S0„C1„ S°2 C 12 \ 2(NSClK + 3 S0„ + 3 S C I . 2 7 9 
" < < 24 h r s / ' * 
Reactions (b) and (d) are e s s e n t i a l l y quantitative. 
S j N 2 C l 2 also forms s a l t s of the type: S^N2C1+A~, formed by reacting 
280 
S^N 2C1 2 with a Lewis acid i n thionyl chloride, or with a sulfonic acid. 
SO Cl„ . 
e.g. ( i ) S 5W 2C1 2 + M C l j ^ S^NgCl M C l 4 ~ (M = Al,Pe. t h i s t h e s i s ) 
( i i ) S 2N 0C1 0 + H S0_C1 > SJJ_C1 S0,C1 2 8 0 
3 * <• 3 3 c 3 
( i v ) S,N 2C1 2 Physical properties 
S^NgClg i s an orange c r y s t a l l i n e s o l i d which i s very s e n s i t i v e to 
moisture, reacting i n s t a n t l y with water to form sulfur dioxide, ammonium chloride 
and sulf u r but i s indefinately stable to dry nitrogen at 20°C. I t i s insoluble 
i n anhydrous organic solvents, and reacts with concentrated s u l f u r i c acid, a uv. 
spectrum showing decomposition over a period of a few minutes ( t h i s t h e s i s , 
Page 24-0). S j N 2 C l 2 melts with decomposition at 90° to 92°C. 2 4 9 
3. Thiodithiazyl Monochloride SJjUCl 
S^N^jCl i s prepared by heating powdered S^NgClg in vacuo at 80° to 90°C,^ 2' 2^ 9 
(see experimental section, Chapter 2) , by s t i r r i n g powdered S^NgCl,, with anhydrous 
formic acid at room temperature (Chapter 7» t h i s thesis,), by the reaction of 
S^N with S 2C1 2 ( S ^ + S 2 C 1 2 — > 2 S ^ C l ) , 4 by the reaction of S ^ with N0C1:4 
SJ(A + 2 N0C1 > S2N_C1 + & S 0C1„ + NO 
4 4 3 2 A 2 2 
or by the action of n i t r i c oxide on (NSCl)^ i n n i t r o methane:4 
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8(NSC1)_ + 24 WO > 6 S^N.Cl + 12 NOC1 + 3 S,,C1_ + 12 N„0 
The l a s t reaction i s thought to go v i a ^>^2 a s 3X1 intermediate. 
S^N^Cl i s a dark green powder with a metallic l u s t r e , stable to dry a i r , 
but hydrolysed slowly by moisture. I t does not have a sharp melting point, 
decomposing i n vacuo between 120° and 140°C, yielding SClg, NSC1 and S^N^Cl. 2^ 
I t i s insoluble i n organic solvents, but s l i g h t l y soluble i n l i q u i d SO^ ( t h i s 
t h e s i s ) . The properties, reactions and structure of S^N^Cl and i t s derivatives, 
form the subject of Chapter 7 of th i s t h e s i s . 
4. T r i t h i a z y l Trichloride (1TSC1)., 
( i ) Physical properties 
(NSCl)^ forms y e l l ow needles of density 2.09. I t i s stable i n a dry 
atmosphere, but i s decomposed by water to y i e l d sulfur dioxide and ammonium 
chloride. I t s melting point has been stated as: 75° (decomp.) crude product, 
91° (pure p r o d u c t ) , 2 ^ and 162.5° (decomp.) »H6,120 j ^ . ^ g s o i u b i e i n benzene, 
carbon d i s u l f i d e , carbon tetrachloride ( 2 4 g / l i t r e at 21°C 2 1^), thionyl chloride, 
s u l f u r y l chloride and l i q u i d SO2. 
(NSCIJ^ undergoes a reve r s i b l e decomposition into the monomeric NSC1, 
when (fTSCl)^ i s heated i n high v a c u u m 2 8 1 ' 2 8 2 ' 2 8 5 : (NSCl)^ 3NSC1. This 
system has been studied, and the pressure of NSC1 vapour measured i n a s t a t i c 
system. 
The following thermodynamic values were calculated: 
(,NSCl)5 ( s ) > 3 WSC1 (g) A H ° = 46.2 - 1.5 K.cal.mole" 1 
A S ° = 129.6 - 4.8 cal.deg. -1 
and (NSCl)^ ^ s j > (NSClj^ (g) A H° = 24.3 - 1.5 K.cal.mole 
A S ° = 52.1 - 4.6 cal.deg." 1 
-1 
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Th e large value ofAS° for entropy of sublimation, (52.1 - 4.6 c a l . d e g . _ 1 ) , 
was indicative of the existence of many degrees of freedom i n the (NSCl)^ molecule, 
implying a puckered rather than a f l a t ring. 
The e l e c t r i c dipole moments of the NSC1 molecule have been measured as: 
/»T*.l| = 1.87 - 0.02 D 
1/ Q I = 0.57 - U.03 D 
I = c.57 1 0.03 D 
The NSC1 molecule i s therefore not li n e a r . (See section on structure 
of \NSCI; 5). 
{ii) Preparative routes 
( a ; Chlorination of S^N^ or S ^ C l ^ 
(NSCl)^ may be formed by the chlorination of S^W^Cl^ or S^ W^  by chlorine 
gas, or SO^Cl^. The reactions may be summarised: 
, > S0„Clo,24 hrs. y7Q 
( i ) 3 S N CI + 3 S0 2C1 2 2__2J ^ 2 (NSC1) + 3 SO " y + 3 S CI 
20°C P 
( i i ) 3 S 4N 4 + 6 S0 2C1 2 ^0 2Cl 2,24hrs. ^ 4 ( N S C 1 ^ + 6 279 
20°C 
249 ( i i i ) 3 S 3W 2C1 2 + 3 CI2 > 2 (NSC1) + 3 S C 1 2 
l i v j 3 + b C l 2 > 4 ( N S C l ) 3 1 1 5 
A l l the above methods are e a s i l y carried out, and give high yiel d s of (NSCl)^. 
The reactions of S 4N 4 with chlorine and S0 2C1 2 probably go v i a (NSCl) 4 as an 
. 115,279 intermediate. 
(b) Reaction of ammonium chloride with S^Cl^ 
When a suspension of ammonium chloride i n S 2C1 2 i s refluxed, the main 
product i s NSC1. S^NgCl,, i s produced i f larger amounts of ammonium chloride are 
used.52,285 
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( c ) Reaction of S^ ,G1^  with activated nitrogen 
When S^Clg i s passed into nitrogen, activated by microwave discharge, the 
main products are NSC1 and S C l ^ , with small amounts of S^NgCl^. This method 
has been studied b r i e f l y in Durham. I t requires much eff o r t for r e l a t i v e l y l i t t l e 
. .113 . . -=.-.= 
product, ' ana so i s or l i t t l e preparative s i g n i i i c a n c e . 
( i i i ) Structure of (NSCl), 
C r y s t a l l i n e (NSCl) i s monoclinic, the molecule e x i s t i n g i n the chair 
, 2 8 6 
form with chlorine atoms i n the a x i a l positions (Figure 1.17): 
Figure 1.17 
c 
c 
CI 
N 
N (NSCL) 
o 286 o 28T 
A l l S-N bonds are equal ( l . 6 l A, 1.65 A ') as are the S-Cl bonds 
)onds ai 
17,286 
(2.15 A ) . The f a c t that a l l S-N bo re short and equal, indicates that 
delocalised p7v -d7V bonds are present." 
(NSCl)^ undergoes reversible thermal dissociation into the green gaseous 
1 281 282 284 
monomer NSCl. ' ' ' Microwave analysis shows the structure to be non-
n . 284 l i n e a r : 
2-161A 
1-450 A ^ S — C L 
(\| ^117-7° 
286 (NSCl).^ i s regarded as a 6 TV delocalised system containing P7Y _CLTY bonds, 
although the r i n g i s not planar due to the exocyclic chlorine atoms. The 
presence of a "pseudo" 6 7\ system probably explains why (NSCl)^ i s more stable 
than (NSCl)^, (probable intermediate), and i n the corresponding (NSF)^, the S-N 
bonds alternate i n length between single and double bond lengths (1.660 and 
c\287 
1.540 A) indicating l i t t l e or no delocalisation. 
( i v ) (NSCl), Reactions 
(NSCl)^ i s a f a i r l y reactive compound. I t s main types of reaction are: 
(a) fluorination; (b) adduct formation with Lewis acids and subsequent reactions; 
( c ) hydrolysis and decomposition; (d) reaction with imides; (e) reaction with 
epoxides. 
(a) Fluorination 
(NSCl), can be fluorinated by AgF 0 i n CC1., to form (NSF), (m.pt. 74.2°, 
3 ^ 4 3 
B.pt. 92 . 5°C). 1 1 6 
(b) Adduct formation 
(NSCl)^ forms adducts with Lev/is acids (e.g. AlCl^, FeCl^, SbCl,-) i n 
thionyl chloride, for example: (NSCl)^, x SbCl 5 (x = 1 to 5 ) . 2 8 8 » 2 8 9 T h e s e 
adducts are of unknown structure, and extremely a i r s e n s i t i v e . They undergo 
further reactions with S.N,, and S C l 0 to y i e l d S CN C + 2 8 8 and S_NC1_+ s a l t s 2 8 9 ' 2 9 0 ' 2 9 1 
4 4 2 J 5 5 2 2 
( t h i s t h e s i s ) . The S-N+ ion has been observed i n certain compounds with a very 
strong Lev/is acid. e.g. ( N S + ) ( X F 6 " ) , (X = As,Sb). 292,293 
-60-
(NSCl)^ also forms adducts with SOy to form (NSCl)^, 6 SCy and 
(NSCl)^, 3 SO^ on heating i n v a c u o , ( N S C l ) ^ , 2.8 SO^ i s also r e p o r t e d . 6 5 
When heated between 140° and l60°C, S0 2 i s l o s t and OC-sulfanuric chloride 
N^S.O^Cl, i s formed. I t has a s i m i l a r structure to (NSCl),, with oxygen 3 3 5 5 5 
294 
atoms, as well as chlorine, attached to each sulfur. 
( c ) Hydrolysis and decomposition 
29^ 
(WSCl)^ i s hydrolysed by a l k a l i , according to the equations: 
( i ) (NSCl)^ + 90H~—> 3 SO^2" + 3 C l " + 3 NH^  
( i i ) (NSCl) + 3 SO,2" 9 H2°> 3 S(0H)_ + 3 SO 2~ + 3 C l ~ + 3 NH 
(d) Reaction with imides 
(NSCl)^ reacts with s u l f u r imides, to form S^N^. 
i . e . 4 (NSCl) + 3 (SNH) b o i l > 6 S N + 12 HC1 6 5 
5 4 c c i 4 4 4 
and 4 (NSCl) 5 + 12 S?NH > 6 S ^ + 12 HC1 + 84S 2 5 4 
(e) Reaction with epoxides 
(NSCl)^ reacts with epoxides to give esters of the hypothetical acid 
(NS.OH) 3 2 9 6 
e.g. (NSCl)^ + CH2 CH - CH 2 Cl ^NS.OCH(CH 2Cl) 2J ^ 
^ 0 
The esters are obtained as moisture sensitive red o i l s . 
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5. T r i t h i a z y l Monochloride S,M,C1 
S^N^Cl has been knovm since 1952, but only recently has a repeat 
128 
preparation been reported, although with very l i t t l e p r a c t i c a l d e t a i l . I t 
i s obtained i n 5Q?o y i e l d from (NSCl)^, S^N^ and some free chlorine i n an i n e r t 
solvent, and separates as brick red c r y s t a l s (M.pt. l65 uC). Very l i t t l e work 
has been done on t h i s compound, and i t s structure i s unknown. 
6. The Compounds; (S,-N,Cl) , S,J<LC1„ and S^LC1„ ^ T ~ 4 — n'—10-8—2 tr-2^—2 
(Sj-N^Cl) n has been reported as being formed from the s o l i d phase reaction 
between s u l f u r and nitrogen (as ammonium chloride) i n the presence of thio urea. 
I t i s obtained as a brownish s i l k y powder, insoluble i n water and acids but 
completely soluble i n a l k a l i . On pyrolysis (400°-500°C), the compounds S-_NQC10 
and Sg^Clg are formed. The structure . of a l l three compounds i s unknown, 
although several cage structures based on two linked S^N^ cages were suggested 
for S 1 0 F Q C 1 2 . 2 ^ 
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(D) The Sulfur Imides 
1. Introduction 
The sulfur imides form a large section of sulfur-nitrogen compounds 
containing "saturated" S-N bonds. The f i r s t members to be discovered are based 
on the S Q ring, and are of the general formula: S (NH)/ 0 x , but more recent 
b X ^ O—X) 
work has produced a much wider range of compounds and structures, containing 
linked and fused rings, but retaining the same basic structure. The bonding 
i s thought to involve some 7\ -bonding as well as simple 6 -bonding. 
Reviews which include a detailed consideration of s u l f u r imides have 
been written by A l l c o c k , ^ Becke-Goehring,^'"''^,^^^ Haiduc,''"^ Gmelin,"^ Heal^ 
19 298 9 
and Schmidt. The sulfur imides and n i t r i d e s have also been reviewed by-
Heal. The preparation, properties and reactions of the sulfur imides 
(S^(NH)^ and S^NH) are the subject of chapters 3 and 4 ( t h i s t h e s i s ) . 
2. The Sulfur Imides based on the r i n g 
Structure and Bonding 
The Sg ring has a crown conformation and by replacing one or more non-
adjacent sulfur atoms by>NH groups, the sulfur iraides are t h e o r e t i c a l l y formed. 
A l l the possible imides based on the Sg r i n g and not containing N-N bonds are 
known. These are: S^NH, S^NH^ (three isomers), S^(NH)^ (two isomers) and 
S 4(NH) 4. 
The molecular structures of a l l these imides have been determined by x-ray 
299 
d i f f r a c t i o n , and for S^NH)^, also by neutron d i f f r a c t i o n . I n every case the 
molecule consists of a puckered 8-membered r i n g of approximately symmetry^^ 
. _ 301-308 as i n S_. o 
The S-N bond distances decrease from 1.73 A i n S^H to 1.67 & i n S ^ N H ) ^ 0 5 
and the SNS bond angle increases from 115.8° in S^ NH to 128 .5° i n S^ITH)^. The 
o . o 
average 1.3 s u l f u r - s u l f u r separation also decreases from 3.23 A i n S^ NH to 2.98 A 
i n S 4 ( N H ) 4 . 2 7 8 
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The bonding i n these iraides i s s t i l l a subject of discussion, p a r t i c u l a r l y 
309 
with regard to the importance of A -bonding. Heal considers that the 
hindrances to rotation about S-N bonds, and hence the shape and s t a b i l i t y of the 
S-N frameworks are l i k e l y to be affected by repulsive interactions between lone 
p a i r s , and by 7T -bonding between p-electrons on nitrogen and 3d-orbitals on 
sulfur. Gleiter'"" J however, discounts TT -bonding i n such systems, and by comparing bond angles i n Sg and S^(NH)^ considers that the same character of bonds i s present. 
The variation i n the length of an S-S "single" bond i s s o l e l y due to changes i n 
81 
the o r b i t a l character of the bond. I n S^(NH)^ the S-N bond i s taken to contain 
ca.22% s-character, and i s e s s e n t i a l l y single. Garcia-Pernandez 310,311 n a s 
correlated the S-N bond i r . stretching frequencies of the sulfur imides, and 
other 8-membered sulfur-nitrogen rings, with the bond lengths and strengths, and 
with the sulfur oxidation numbers. He concludes that, whereas i n S^ NH, there i s 
l i t t l e T\ -bonding i n the ring, i t increases to near the theoretical maximum of 
ha l f a 7T -bond per S-N l i n k i n S^(NH)^; therefore the lone p a i r involvement 
increases, and t h i s i s supported by the diminishing Lewis base and stereochemical 
298 
a c t i v i t y of the nitrogen lone pair electrons. 
Banister, 101 > 106 c o r i sj_d.ers that both the su l f u r and nitrogen lone p a i r s 
make important contributions to the bonding, the lone pai r s on nitrogen in t e r a c t i n g 
with the vacant stilfur d-orbitals, so that the imides can be regarded as an 
isoelectronic s e r i e s i n which the nitrogen atoms induce a positive charge on 
neighbouring sulfur atoms, the changes i n the 1:3 s u l f u r - s u l f u r mean distances 
and in the ring bond angles at both nitrogen and sul f u r , are considered indicative 
of the increasing involvement of the nitrogen and sulfur lone pairs i n the cage 
bonding, reaching a maximum at S^(NH)^. As a r e s u l t , the structures are regarded 
as being composed of a 6" -framework, and a superimposed set of higher energy 
electrons i n delocalised "cage" molecular o r b i t a l s . 
I n S^(NH)^, the g^>N-H groups are coplanar, indicating a considerable 
loss i n stereochemical a c t i v i t y of the nitrogen lone p a i r s , although there i s 
some doubt as to whether s i m i l a r groupings i n the other imides are also coplanar. 
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3. Structures of the other Sulfur Imides 
Other sulfur imides are also known, and can be regarded as being derived 
from the imides based on S_, by coupling together two rings by sulfur chains, or 
o 
by fusing two rings together. These are: H N ( S 5 ) 2 N . S ^ N C S ^ N H , 5 1 2 S^N-S^NS^ 
I -V — 1 1 . 7 /~»T» R "\ 235 = v ,^ +.V,a fnood l-inrr P W 313 ( (VUn nnnmniixria Q TJ_S _WQ 
^ -*»• — J i - J y N-frf. -*• w»- J- J . J UH^'2" y *> • W i l l i s w U i i M U *^>rj*-\ t~t ^  
and S^^N^ are s t r i c t l y n i t r i d e s rather than imides, since they do not contain 
hydrogen). 
E>11^ 2 has an int e r e s t i n g structure.^ 4 » 3 1 5 j ^ . c r y S t a l l i s e s i n two forms, 
0Candj3, which d i f f e r only i n the mode of packing of the c r y s t a l s . X-ray data 
shows i t to consist, as expected, of two crown-shaped rings, fused i n the 1,3 
g 
positions. Each of the two ^N-S units i s planar, and7\-bonding therefore 
probably occurs between the nitrogen and neighbouring sulfur atoms. (Figure 1.18) 
Figure 1.18 
S S / \ / \ 
S N S 
S n N 2 
S N S 
S^CNH^ has been reported as the product of the reduction of S^Ng i n 
241 9 ethanol by stannous chloride although t h i s could not be repeated. 
4. Imides with N-N Bonds 
Organic derivatives of sulfur imides containing N-N bonds, have recently 
316-320 been prepared. 
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5. Imides based on other rings 
Sulfur rings of s i z e s other than Sg are known; for example: S ^ , 5 ^ " 5 2 4 
325,326 322 323,325 q 322 327,328,329 q 330 . _ 322,330 V b9' b10' bll» b12' b18' • ^  b20' 
but no imides based on these rings are known (apart from possible S^(NH) 2), 
although they should be preparable. The n i t r i d e : S-^N^, consisting of three 
fused rings should be very stable, but a l l attempts to prepare i t v i a 
9 
condensation reactions have so f a r f a i l e d . 
Imides i n which selenium p a r t i a l l y replaces sulfur should also be 
preparable, since selenium analogues of Sg, e.g. S^Se, 5 5"*"' 5 5 2 ^6^ e2 
322 
Sj-Se^, have been prepared. 
6. Sulfur Imides Physical Properties 
S^ WH forms almost colourless rhombic bipyramids of density 2.01 at 20°C.^ 
I t i s insoluble i n , and unaffected by water, but i s re a d i l y soluble i n most 
organic solvents, p a r t i c u l a r l y carbon d i s u l f i d e , and pyridine to which i t 
hydrogen bonds. 
I t s melting point has been reported as 113.5°C, 8' 5 5 5' 5 5 4 and 1 1 1 ° C 4 1 , 5 5 5 
(with decomp.), the lower value probably being due to traces of sulfur as 
impurity. I t s standard enthalpy of formation has been estimated as -67.4 K . c a l / 
n 129 mole. 
The other sulfur imides, S^NH^ and S^(NH)^ also form colourless c r y s t a l s , 
8 
1.4- S^(NH)2 however darkens s u p e r f i c i a l l y in l i g h t . The melting points are: 
1.5- S b(NH; 2: 153°C, 5° 6 1,4-S 6(NH) 2: 130°C, 5° 6 1,3-S 6(NH) 2: 123°C, 5° 6 l f4,6-S 5(HH) 5 
131°C, 5 5 6 1,3,5-S5(NH)5: 124°C. 5 5 6 , 5 5 , 7 The imides may be separated 
30 
chromatographically, the di-imides being separated from each other by 
r e c r y s t a l l i s a t i o n s from carbon d i s u l f i d e . 
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Th e infrared and Raman spectra of S7NH and the hexa-sulfur imides have 
been recorded and analysed.241>338»339 c h a r a c t e r i s t i c absorptions of the imides 
occur at 3,220-3,380 cm - 1 (NH s t r e t c h ) , 1,260-1,310 cm"1 (NH bend), and 
690-920 cm - 1 (S-W s t r e t c h ) . The infrared spectra of the methyl derivatives: 
S Y(NMe) f i_ y, (x = 1 to 4) have also been recorded. 3 4°~ 343 
S^(NH)^ forms small colourless c r y s t a l s , M.pt = 14b°C. 2 2^ I t i s insoluble 
and stable to water and insoluble i n most non-polar organic solvents. I t i s 
soluble i n pyridine, to which i t hydrogen bonds. The enthalpy of formation 
-1 96 
from i t s atoms has been determined as 754 K.cal/mole from combustion calorimetry. 
E>11^ 2 forms amber coloured c r y s t a l s . Slow evaporation from CS 2 gives the 
more stable OC form, whereas rapid evaporation yields the P form. ^^^2 '*"s 
s l i g h t l y soluble i n other organic solvents and i s insoluble and unaffected by 
w a t e r . 3 1 4 I t melts at 1 5 0 ° C , 5 1 5 ' 5 1 4 ' 5 1 5 and has a heat of formation of 282 KJ/ 
n 314 mole. 
S 1 5N 2 CM.pt 137°C), 2 5 5 S l gN 2 (M.pt 122°C) and S . ^ (M.pt 97°C) 
(coupled r i n g s ) , are yellow c r y s t a l l i n e s o l i d s , f a i r l y soluble i n CS2» but only 
s l i g h t l y soluble i n other non-polar solvents. 
The infrared spectra of a l l these compounds show a strong c h a r a c t e r i s t i c 
-1 9 
S-N stretch i n the region 750-775 cm. 
7. Sulfur Imides Preparative Routes 
The most widely used preparative routes for sulfu r imides are from 
ammonia and chlorosuifanes. A l l sulfur imides based on Sg (apart from S^(NH)^) 
are formed together, S^ WH being the main imide product, and are separated 
chromatographically.^' 3 0 
( i ) Preparation from ammonia and chlorosulfanes 
S^ fTH was the f i r s t imide to be prepared by the reaction of ammonia gas 
with S 2C1 2 i n chloroform. 3 4 4 , 3 4-^ The present preparations are s i m i l a r , dimethyl 
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formamide or carbon d i s u l f i d e being used as solvents.41»44»45»355*346,347 
(See preparation of S^ NH, Chapter 2, t h i s thesis,). The eff e c t of solvent, 
temperature, ammonia flow rate, type of chlorosulfane and duration of run on 
43 348 
the y i e l d s of imide, have been studied. ' 
\ i"i ) Preparation of S7NH using hydrazine Anhydrous hydrazine on s i l i c a gel reacts with S^N^ or S^N^Cl at 45 "to 50 C 
i n an inert organic solvent (benzene or CCl^) to give S^ NH and other imides i n 
•M +• 501,353.334 an overall reaction: 
e.g. 2 S 4N 4 + NgH^ > NH^ + 4 N ? + S + S?NH 
( i i i ) Preparation of S^ ,NH using azides 
Chlorosulfanes react with a l k a l i metal azides (except L i N^) i n polar 
organic solvents to form S^ NH and some S^NH^ ( a l l three isomers). 
( i v ) Reduction with L i Al or Raney nickel 
S.N. or S.N,CI can be reduced with L i Al H. or using Raney nickel to 
4 4 4 3 4 
y i e l d S ?NH. 5 3 5 
(v) Preparation using l i q u i d ammonia 
S^NII has been prepared by adding heavy metal ions to solutions of sulfur 
i n l i q u i d ammonia at room temperature, to precipitate out the insoluble sulf i d e 
(see Chapter 3i t h i s t h e s i s ) . 
( v i ) Preparation of other imides 
(a) S 4 l N B l 4 
This imide and also imides not based on Sg, are not formed i n any 
detectable quantities i n the above reactions, therefore other preparative routes 
are used. 
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S^NH)^ i s conveniently prepared by the reduction of S^N^ with an 
alcoholic solution of SnClg in benzene. 7~ > 1 '^5® This i s the only known 
method of preparing t h i s compound. (See Chapter 2, experimental section). 
(*>) S n N 2 
This has been prepared v i a a double condensation of Cl^S^ (or other 
chlorosulfanes), with 1,3(NH) 2Sg i n carbon d i s u l f i d e containing pyridine, 313,315,351 
( c ) Preparation of the coupled r i n g n i t r i d e s . S^N-S^-NS^ 
These n i t r i d e s (x = 1,2,3 and 5) can be synthesised by the condensation 
( 
of two molecules of S^ NH with a chlorosulfane i n CS^, i n the presence of pyridine.' 
E f f o r t s to prepare (S^N) 2 have so f a r f a i l e d . 
(d) Preparation of imides containing N-N bonds 
Substituted sulfur imides containing N-N bonds ha.ve recently been prepared 
by the reaction between chlorosulfanes and organic hydrazine d e r i v a t i v e s . ^ ® 
e.g. 
R — N 
R N 
N — R 
N—R 
R N 
R N 
I I 
R = Me, MeC02, EtC0 2 R = MeC02, EtC0 2 
Attempts to prepare the unsubstituted imide, by reacting chlorosulfanes 
with hydrazine, or by removing the organic groups by aci d o l y s i s or pyrolysis 
have so f a r f a i l e d . 
(e) Imide derivatives 
Imide derivatives are usually prepared from the parent imide (see reactions 
of iinides: section (d)), however, a l k y l derivatives can be prepared from chloro-
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340,341 
sulfanes and an amine: RNH^, as veil as a l k y l derivatives of Sg 
r i n g s . 3 5 3 ' 5 5 4 
/ 3 K e.g. ( i ) S^Clg + Me »H 2 > Me N' " H Me 5 4 1 
( i i ) S 7C1 2 + Me NH2 > S ? N Me 340 
( i i i ) S 2C1 2 + E t NH2 > Et "^ N Et 5 5 5 ' 5 5 4 
V 
( i v ) S 7C1 2 + HgH.N (C00E t ) 2 > S^.H (C00 E t ) 2 5 1 8 
Ethoxy carbonyl derivatives of S7NH and Sg(NH) 2 have been prepared d i r e c t l y 
o 355 
from sulfu r and ethylazidoformate i n decalin at 125 C. 
S D + N_ COOEt > S„NC00Et + S £(N C00Et) o 
a y ( o I 
Crystal structure determinations have been carried out on the compounds 
S 7W-N(C0 2Et) 2, 3 5 6 and S ^ N C H ^ 5 5 7 . 
8. Reactions of Sulfur Imides 
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The reactions of the s u l f u r imides are of seven main types: ( i ) Addition 
reactions with organic substrates; ( i i ) Adduct formation with Lewis acids; 
( i i i ) Hydrogen substitution; ( i v ) Hydrogen abstraction; (v) Oxidation to a 
corresponding thionyl imide; ( v i ) Ring contraction; ( v i i ) Ring degradation. 
( i ) Addition reactions with organic substrates 
S^(NH)^ reacts with excess aqueous alka l i n e formaldehyde to form 
(SH'CH^JOH)^ i n high y i e l d s . ^ 4 , 7 ' ' The product i s e a s i l y r e c r y s t a l l i s e d from 
water or organic solvents. (See Chapter 4» th i s t h e s i s ) . Similar reactions 
md £ 
344 
occur with S 5(NH) 5 and S?NH to give S^-N^CH^H^ 1 8 1 and S7W CHgOH544 respectively, 
although S 7N»CH 20H i s only formed i n very low yields.' 
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Addition reactions also occur with isocyanates (Chapter 4, t h i s t h e s i s ) , 
e.g. S 4(NH) 4 + 4 Ph-NCO — > (SN'CONHPh)^ 6 4 
( i i ) Adduct formation with Lewis acids 
The reactions of sulfur imides with Lewis acids normally lead to 
rearrangement or elimination reactions, however S 4(NH) 4 reacts with Al C l ^ and 
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Al Br^ to form 1:1 adducts i n which the imide ring i s s t i l l i n t a c t . J J 
( i i i ) Hydrogen substitution 
The sulfu r n i t r i d e s : S-Q 1^ ^ S 7 W ~ S X ~ N S 7 ^ x = - 1 -* 2 ' 5 a n d - 5) h a v e b e e n 
prepared by the action of chlorosulfanes on sulfur imides with the elimination 
of H C l 9 ' 5 1 5 ' 5 1 4 ' 5 1 5 ' 5 5 9 (See sulfur imides, preparative routes). Similar 
condensations of S^Cl^ with the hexasulfur di-imides, give r i s e to l i n e a r polymers 
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i n which eight membered sulfur nitrogen rings are coupled together by -S2 - groups. 
S^ NH reacts with acetyl chloride to form S^N-COCH^ i n f a i r y i e l d s , 5 6 0 and 
other s i m i l a r derivatives may be formed from S^NH and free carboxylic acid. 5 6''" 
With diborane, S^ NH forms S^NBHg which forms 1:1 adducts with ethers and pyridine, 
and with BCl^and BBr^ to give the corresponding dihalo (heptasulfurimido) 
boron, 5 6 5 however with BI,, decomposition occurs. 
3 
S^ NH reacts with di(trimethyl s i l y l ) amine, (Me^Si^NH, to y i e l d Me^Si-NS^. 5 6 4 
( i v ) Hydrogen abstraction 
The S 7WH, 5 6 5 1,4-and 1,5- S 6 ( N H ) 2 5 4 5 and S ^ N H ^ 5 5 8 rings can be metallated 
stepwise using a l k y l lithium reagents or other strong basis, producing the 
corresponding sulfur imide anion. 
e.g. ( a) 5 4(MH) 4 n B u " L i ) several steps >(SN L i ) 4 5 5 8 
(b) S„NH + NaCPh_ E t 2 ° ^  Na S„N 5 6 
I . 5 ' f 
( c ) L i [A1H 4] + S 4(NH) 4 L i [A 1 ( S 4 N 4 ) ] 5 6 7 
- 7 1 -
Alkyl derivatives have been obtained by treating the metallated products 
with a l k y l h a l i d e s . 3 4 2 ' 5 4 3 ' 3 6 5 
e.g. S?NH S7W " S?NR 5 6 5 
(v) Oxidation 
VJhen a 4:1 mixture of sulfur and S^(NH)^ i s heated to 110° to 120°C i n a i r , 
oxidation occurs and an orange-red tetramer of thionyl imide (OSNH)^ i s formed, 3^ 8 
which slowly polymerises at room temperature. Ozone reacts with S^(NH)^ i n C C l ^ 
to form a compound of formula (0SNH) x, however the infrared spectrum shows i t to 
be a different compound from the polymeric thionyl imide obtained by BWing and 
F l u c k . 5 6 9 
( v i ) Ring contraction 
S^(WH)^ reacts with chlorine or s u l f u r y l chloride to form t r i t h i a z y l 
t r i c h l o r i d e (NSCl)^, with bromine or excess bromosuccinimide to form t h i o t r i t h i a z y l 
bromide S^H^Br, and with acetyl chloride to y i e l d t h i o t r i t h i a z y l chloride, S^N^Cl, 
by ri n g contraction 3."' 8 With (NSCl)^, S^(NH)^ forms i n high y i e l d s . ^ 3 
S^(NH)^ reacts with mercuric acetate i n methanol at -10°C to form Hg^(NS)g 
(greenish yellow powder) and with excess mercuric acetate, i n the presence of 
pyridine to y i e l d Hg(NS) 2 Hg^(NS) Q which i s said to be a molecular compound of 
3 Hg(HS) 2 and H g 2 ( N S ) 2 . 1 3 1 
( v i i ) Ring degradation 
The epr. spectra of the red solution formed during the decomposition of 
S^ WH i n concentrated s u l f u r i c acid at 25°C, shows f i v e equidistant l i n e s with 
in t e n s i t y r a t i o s 1:2:3:2:1, which was attributed to the dimeric r a d i c a l cation 
(S 7N) 2 +. 3^° The ion NS^~ has been i d e n t i f i e d from solutions of S^ NH i n basic 
media. 3 7 1 
- 7 2 -
S^(NH) 4 and S^ NH are quantitatively oxidised i n homogeneous acid solution 
by chloramine-T, to s u l f u r i c acid. ' p ? S^ NH hydrolyses rapidly i n 
homogeneous a l k a l i solution to form a mixture of s u l f i d e , s u l f i t e and thiosulfate. 
The thermal decomposition of sulfur imides produces S^N^ as the only 
61 62 " s u l f u r nitrogen decomposition product. U J"' u t 
9. Sulfur Imides, P r a c t i c a l Applications 
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S^KH has found uses as a fungicide y and an i n s e c t i c i d e , with a low 
374 
t o x i c i t y for higher organisms, and also as an eff e c t i v e vulcanising agent 
1 37*5 376 377 378 for rubbers, as have imide derivatives. 
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EXPERIMENTAL 
CHAPTER 2 
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Experimental 
(A) Handling Techniques 
1. The Glove Box 
Most of the compounds dealt with were a i r and moisture s e n s i t i v e , and 
were therefore handled i n a vacuum l i n e or under nitrogen. The nitrogen was 
obtained from the head of a tank of l i q u i d nitrogen and dried by passing through 
several bottles of concentrated s u l f u r i c acid and f i n a l l y by passing over ^2^5* 
Removal of oxygen was unnecessary, since the nitrogen from the source v/as 
p r a c t i c a l l y oxygen free and none of the compounds handled were found to be 
oxygen se n s i t i v e . 
Samples for infrared, u l t r a v i o l e t and mass spectra and analysis were 
prepared i n a glove box connected to a continuous supply of dry nitrogen. 
The box was also f i t t e d with two entry ports v/hich could be purged 
individually or simultaneously. Traps of fresh ^^t^ were kept i n the entry ports 
and inside the box to remove any traces of moisture accidentally introduced. The 
box and ports were made of perspex so that t h e i r contents could be observed from 
any position. The box i t s e l f was mounted on wheels so that i t could be moved 
when i t was necessary to improve the access to the ports. 
2. Spectra 
Infrared spectra were recorded on Grubb-Parsons prism grating spectro-
photometers (the GS 2A and spectromaster) i n the range 4»000 to 400 cm""'" (2.5 to 
25 myi. ) . Most samples were prepared either i n the form of nujol mulls between 
potassium bromide plates or as potassium bromide d i s c s . 
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TJltraviolet and v i s i b l e spectra were obtained with a Unicam SP.800 
spectrophotometer on solutions i n concentrated s u l f u r i c and n i t r i c acids, 
anhydrous formic acid, dioxane, benzene and triethylamine, using quartz c e l l s 
of 1 cm. path length. The spectrophotometer was also used for the quantitative 
determination of extinction c o e f f i c i e n t s . 
I n t h i s t h e s i s , the following symbols are used to denote the r e l a t i v e 
i n t e n s i t y of the infrared absorptions: 
vs = very strong; s = strong; ra = medium; 
w = weak; vw = very weak; sh = shoulder; 
b = broad; vb = very broad (approximate range of absorption i s also given) 
obsc = absorption probably obscured by solvent. 
Mass spectra were obtained on an AE1,(MS9) mass spectrometer; the samples 
were mounted on an i n e r t ceramic and introduced on a d i r e c t insertion probe. 
KOJl spectra for nitrogen (14) and chlorine (35 and 37) were recorded by 
379 
Waddington and Lynch, ( t h i s department). 
3. Chromatography 
Chromatography was frequently used to separate and identify reaction 
products. For column chromatography a s i l i c a gel column of length 40 cm., diameter 
29 
2 cm., was used with CS^ or C C l ^ as elutants. The flow rate was approximately 
5 ml/minute. The products were normally i d e n t i f i e d by t h e i r position on the . 
column, and from the i r infrared spectra. I n the thin layer chromatography 
experiments, plates of ca. 20 cm. i n length and of various widths were used. 
The plates were "spotted" with the solution from a dropping pipette, and 
supported i n an a i r t i g h t tank. (Shandon-Southern, "TLC. Chromaiank") The plate 
material was s i l i c a , which was impregnated with a fluorescent material, so that 
a f t e r a chromatographic run the spots on the plates could be located and i d e n t i f i e d 
-75-
by t h e i r dark appearance under u l t r a v i o l e t l i g h t . 
4. High Pressure Reactions 
Reactions i n v o l v i n g the use of l i q u i d ammonia or l i q u i d s u l f u r d i o x i d e 
a t temperatures above t h e i r normal b o i l i n g p o i n t s a t atmospheric pressure (-37°C 
f o r NH^ and -10°C f o r SC^), were c a r r i e d out i n Carius tubes. The reagents and 
magnetic s t i r r e r ( i f necessary) were placed i n the tube and the gas t r a n s f e r r e d 
from the vacuum l i n e c o l d t r a p i n which i t had been d r i e d (see p u r i f i c a t i o n s o f 
so l v e n t s , Page 76), i n t o the Carius tube, which was cooled i n l i q u i d n i t r o g e n . 
A f t e r a s u i t a b l e amount o f gas had been condensed the tube was sealed i n vacuo 
u s i n g a hand blow t o r c h . I t v/as placed behind a b r i c k vrall and b l a s t screen 
and allowed t o sl o w l y warm up t o room temperature. I f necessary the Carius tube 
was heated above room temperature (but not above 60°C), using a water bath. 
When the r e a c t i o n had been completed the tube was cooled t o -195°C» the 
neck of the tube was scratched w i t h a glass k n i f e and i n s e r t e d (beyond the scratch) 
i n t o a l e n g t h o f rubber t u b i n g under a pressure o f dry n i t r o g e n . The neck was 
broken i n s i d e the t u b i n g thus f i l l i n g the tube w i t h dry n i t r o g e n . The solv e n t 
was then slowly pumped o f f under reduced pressure through a vacuum l i n e and 
condensed out i n a c o l d t r a p . F i n a l l y the dry r e a c t i o n products were removed from 
the Carius tube i n the dry box. 
5. E l e c t r o l y t i c Apparatus 
The e l e c t r o l y t i c c e l l s are described i n Chapter J>. 
6. M e l t i n g and Decomposition Points 
These were determined by h e a t i n g the compound i n sealed tubes. 
7. Analyses 
Analyses were c a r r i e d out, i n t h i s department, by Mr. R. Coult. 
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(B) Preparation and P u r i f i c a t i o n o f S t a r t i n g M a t e r i a l s 
1. Solvents 
Thionyl c h l o r i d e was p u r i f i e d by one of two methods: Method ( i ) gave 
a purer product; Method ( i i ) was more convenient and was used where h i g h p u r i t y 
was not e s s e n t i a l . 
Method ( i ) 
T r i p h e n y l phosphite (10 per cent wt.) was added t o t h e t h i o n y l c h l o r i d e 
w i t h vigorous s t i r r i n g f o r 50 minutes. The mixture was f r a c t i o n a t e d through a 
twelve i n c h column packed w i t h glass h e l i c e s and connected t o a r e f l u x d i s t i l l i n g 
head equipped w i t h a calcium c h l o r i d e d r y i n g tube. The f i r s t and l a s t f r a c t i o n s 
d i s t i l l i n g over were discarded, and the middle f r a c t i o n c o l l e c t e d . R e d i s t i l l a t i o n 
of t h i s w i t h more t r i p h e n y l phosphite gave a p r a c t i c a l l y c l e a r l i q u i d . 
Method ( i i j 
T h i onyl c h l o r i d e was r e f l u x e d w i t h flowers o f s u l f u r f o r three hours, and 
then d i s t i l l e d under dry n i t r o g e n . The f i r s t and l a s t f r a c t i o n s were discarded 
and the middle f r a c t i o n , d i s t i l l i n g a t 75° t o 76°C, was c o l l e c t e d . The t h i o n y l 
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c h l o r i d e was r e d i s t i l l e d t o give an almost c o l o u r l e s s product. 
Th i o n y l c h l o r i d e was s t o r e d i n a stoppered f l a s k under vacuum or dry 
n i t r o g e n . The l i q u i d a t tacks grease and so contact w i t h greased j o i n t s d u r i n g 
storage was kept t o a minimum. The l i q u i d g r a d u a l l y turns from c o l o u r l e s s t o 
pale y e l l o w over a p e r i o d of a week or so, and so stored samples o f t h i o n y l 
c h l o r i d e were p u r i f i e d by r e d i s t i l l a t i o n on a weekly basis as necessary. Since 
t h i o n y l c h l o r i d e reacts w i t h water t o form the gases hydrogen c h l o r i d e and s u l f u r 
d i o x i d e : SOC^ + H^O—^SO^ + 2HC1, a dehydrating agent v/as not r e q u i r e d . 
Thionyl c h l o r i d e has an appreciable vapour pressure a t room temperature (e.g. 
96.65 mm. a t 2 0 ° C ) . 5 8 5 
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S u l f u r y l c h l o r i d e . AnalaR " r e d i s t i l l e d " s u l f u r y l c h l o r i d e was used 
w i t h o u t f u r t h e r p u r i f i c a t i o n , since the r e a c t i o n s f o r which t h i s l i q u i d was used 
d i d not r e q u i r e a h i g h p u r i t y . 
S u l f u r d i c h l o r i d e (SCl^) and d i s u l f u r d i c h l o r i d e (S^,C1„) were used w i t h o u t 
•further- p u r i f i c a t i o n since the r e a c t i o n s f o r which they were used d i d not r e q u i r e 
a h i g h p u r i t y . A p u r i f i c a t i o n procedure f o r SgClg has been described. 
Formic a c i d was d r i e d over b o r i c oxide (which had p r e v i o u s l y been heated 
t o ca,. 120°C f o r 24 hours), and f r a c t i o n a l l y d i s t i l l e d . I t was stored under 
dry n i t r o g e n a t -15°C ( s o l i d ) since i t decomposes slowly a t room temperature t o 
H 20 and 00. 
Concentrated s u l f u r i c a c i d C98/0 was used v/ithout f u r t h e r p u r i f i c a t i o n 
a f t e r examining the uv. and v i s i b l e spectra f o r any spurious absorptions. The 
s t r e n g t h o f the a c i d was determined by d i l u t i o n and t i t r a t i o n against standard 
sodium hydroxide s o l u t i o n . 
C h l o r o s u l f o n i c a c i d was f r e s h l y d i s t i l l e d under reduced pressure a t 
ca. 60°C before use. 
D i e t h y l ether, benzene, toluene and petroleum ether were d r i e d over sodium 
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ware. 
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P y r i d i n e was d r i e d over c a u s t i c soda p e l l e t s . 
Carbon t e t r a c h l o r i d e was d i s t i l l e d a t 77°C and d r i e d over P~Cv. 2 5 
Dioxanewas d r i e d ever c a u s t i c soda p e l l e t s , d i s t i l l e d , d r i e d over sodium 
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metal, d i s t i l l e d , and stored under n i t r o g e n over sodium metal. 
Ammonia ( f o r use as a non-aqueous s o l v e n t ) was d i s t i l l e d from an ammonia 
c y l i n d e r v i a a vacuum l i n e i n t o a c o l d t r a p c o n t a i n i n g a few pieces o f sodium 
metal and cooled i n l i q u i d a i r . The ammonia could be t e m p o r a r i l y s t o r e d i n l i q u i d 
a i r under dry n i t r o g e n . For use i n r e a c t i o n s , the c o l d t r a p was warmed and the 
ammonia t r a n s f e r r e d v i a a vacuum l i n e or i n a c u r r e n t o f dry n i t r o g e n t o the 
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cooled r e a c t i o n vessel. 
S u l f u r d i o x i d e ( f o r use as a non-aqueous s o l v e n t ) was d i s t i l l e d from a 
c y l i n d e r v i a a vacuum l i n e i n t o a c o l d t r a p c o n t a i n i n g ^2^5 a s d r y i n S agent and 
cooled i n l i q u i d a i r . The s u l f u r d i o x i d e could then be t r a n s f e r r e d t o a r e a c t i o n 
vessel i n the same way as f o r ammonia (above). 
Cold baths were used f o r h a n d l i n g l i q u i d NH^ and SO^t 
Carbon t e t r a c h l o r i d e slush: -22.9°C ( f o r l i q u i d SO^) 
Chlorobenzene slush: -45.2°C ( f o r l i q u i d NH^) 
Dry ice/acetone or methanol bath: -78.5°C 
L i q u i d n i t r o g e n : -196°C ( s o l i d SO- and NH_) 
Ammonia: B o i l i n g p o i n t = -33«35°C (atmospheric pressure) 
M e l t i n g p o i n t = -77.7°C 
S u l f u r d i o x i d e : B o i l i n g p o i n t = -10°C (atmospheric pressure) 
M e l t i n g p o i n t = -72.7°C 5 8 6 
2. Metal Chlorides 
F e r r i c c h l o r i d e was p u r i f i e d by r e f l u x i n g under t h i o n y l c h l o r i d e f o r 
one hour,and then removing the t h i o n y l c h l o r i d e by d i s t i l l a t i o n . 
Aluminium c h l o r i d e was sublimed under vacuum a t ca. 120°C onto a c o l d 
f i n g e r a t -78°C. 
Antimony V and t i n IV c h l o r i d e s were f r e s h l y d i s t i l l e d a t reduced 
pressure under dry n i t r o g e n . 
3. Organic Solvents 
Nitrobenzene was d i s t i l l e d under reduced pressure and s t o r e d over 
calcium c h l o r i d e . 
A c e t y l c h l o r i d e v/as f r e s h l y d i s t i l l e d before use. 
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T r i c h l o r o m e t h y l s u l f e n y l c h l o r i d e was f r e s h l y d i s t i l l e d under reduced 
pressure before use. 
4. S u l f u r Nitrogen S t a r t i n g M a t e r i a l s 
26 
(-0 ^ / i — y i w a s P repared by the method described by J o l l y , i n which c h l o r i n e 
gas i s passed through a s o l u t i o n of S 2 C I 2 i n C C l ^ u n t i l the s o l u t i o n i s 
saturated w i t h the gas, f o l l o w e d by ammonia gas (2 hours). The s o l i d product 
i s washed w i t h water, then d i e t h y l ether,and f i n a l l y e x t r a c t e d w i t h benzene. 
(See d e s c r i p t i o n i n the s e c t i o n on S^N^ preparations on Page 4 of the 
i n t r o d u c t i o n ) . 
I n f r a r e d spectrum: 1 ,160 ( s ) , 1 ,125 ( s h ) , 998 ( v s ) , 682 ( s ) , 637 (w), 
603 ( w ) , 565 ( s ) , 466 ( v s ) , ca. 450 (sh,b) cm"1. 
(See spectrum i n Appendix) 
U l t r a v i o l e t spectrum: (200 t o 700 nm) A max. = 260 nm, 
(£max. = 1.9 x 1 0 4 ) (dioxana) 
(See spectrum i n Appendix) 
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( i i ) T h i o d i t h i a z y l c h l o r i d e , S.,N^ C1^  was prepared by a method^ s i m i l a r t o 
t h a t of J o l l y . 5 2 ' 2 4 9 
Dry powdered ammonium c h l o r i d e (200 g) and powdered " f l o w e r s " o f s u l f u r 
( 4 0 g ) , were mixed i n a l a r g e s t r a i g h t - s i d e d flange-topped r e a c t i o n v e s s e l , 
f i t t e d w i t h an a i r condenser (about 50 cm. i n l e n g t h ) topped w i t h a calcium 
c h l o r i d e d r y i n g tube aji.d i n s u l a t e d from the r e a c t i o n vessel by an asbestos sheet 
or c o t t o n wool. The a i r condenser was t e m p o r a r i l y removed and §2^2 (200 ml. 336 g) 
q u i c k l y added t o the sulfur/ammonium c h l o r i d e mixture. The mixture was heated t o 
about 150°C on an o i l bath f o r about 12 hours. During t h i s time orange c r y s t a l s 
formed on the sides o f the a i r condenser. A c r i t i c a l f a c t o r i n t h i s p r e p a r a t i o n 
v/as t h a t the highest p o i n t o f r e f l u x i n the a i r condenser should slowly f a l l , and 
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t h i s was achieved by keeping the temperature of the o i l bath and the a i r 
cu r r e n t s around the a i r condenser constant; the r e f l u x p o s i t i o n then 
g r a d u a l l y f e l l , as the SgClg was consumed. 
A f t e r the 12 hours, the condenser was q u i c k l y removed and attached t o a 
two necked round bottomed f l a s k (a stopper r e p l a c i n g the d r y i n g t u b e ) . I t v/as 
then evacuated u s i n g a vacuum l i n e t r a p p i n g out excess l i q u i d i n a c o l d t r a p . 
Meanwhile, a second a i r condenser had replaced the o r i g i n a l a i r condenser on the 
r e a c t i o n vessel and the r e a c t i o n continued. A f t e r evacuating the f l a s k and the 
condenser c o n t a i n i n g the S_N0C1_ c r y s t a l s f o r about h a l f an hour, they were l e t 
down t o atmospheric pressure w i t h d r y n i t r o g e n and the c r y s t a l s scraped i n t o the 
f l a s k u s i n g a s t i f f metal s patula or a glass rod under a back c u r r e n t o f 
n i t r o g e n (S,N 0C1 0 i s very moisture s e n s i t i v e ) . This v/as repeated f o r the 3 d d 
second crop o f product. 
IR: ( n u j o l m u l l ) : 1,015 ( s ) , 936 ( v s ) , 752 ( w ) , 719 ( s h ) , 712 ( s ) , 
578 ( s ) , 458 ( s ) , ca. 400 (s,b) cm"1 
UV: (cone. HgSO^ s o l v e n t ) : X max. ca. 416 nm. and ca. 235 nm. 
(decomp. w i t h t i m e ) . (See Appendix 
f o r i r . and uv. s p e c t r a ) . 
( i i i ) T r i t h i a z y l t r i c h l o r i d e , (NSCl), was obtained from S^NgClg (prepared as 
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above) by the method described by Alange, Banister and B e l l . C r y s t a l s o f 
S^NgClg were placed i n a dry , round bottomed f l a s k , excess SOgClg added and 
the mixture s t i r r e d f o r about 24 hours, the gases formed were allowed t o escape 
v i a a cone, s u l f u r i c a c i d bubbler. Evaporation t o dryness under reduced 
pressure, and r e c r y s t a l l i s a t i o n from dry CCl^ ( o r from SOgClg and f i l t e r a t 
-io°c), gave pale yellow needles of (NSCl)^. The r e a c t i o n i s e s s e n t i a l l y 
q u a n t i t a t i v e . 
3 S 3N 2C1 2 + 3 S0 2C1 2 > 2(NSC1) 5 + 3 S0 2 + 3 SClg 
- 8 1 -
S.W. may a l s o be used i n place o f S_N_C1„ but the former p r e p a r a t i o n 4 4 ? ^  t 
i s t o be p r e f e r r e d since S^K^Clg i s more e a s i l y prepared than S^N^. 
The p r e p a r a t i o n from S^N^ may be summarised:-
5 S AN 4 + 6 S0 2C1 2 >4(SSC1),5 + 6 S0 2 
The r e a c t i o n i s again q u a n t i t a t i v e . 
IR: ( n u j o l m u l l ) : 1,015 ( s , b ) , 699 ( s ) , 623 (m,b), ca. 500 (s,vb) cm - 1 
(See Appendix) 
( i v ) T h i o t r i t h i a z y l c h l o r i d e (S^N,Cl) t was prepared by the method described 
249 
by J o l l y . The S^N^Clg prepared p r e v i o u s l y was powdered and added t o a 
mixture o f excess S^Clg i n dry carbon t e t r a c h l o r i d e i n a round bottomed f l a s k 
f i t t e d w i t h a r e f l u x condenser. The mixture was r e f l u x e d f o r ca. 4 t o 6 hours, 
or u n t i l a l l the orange c r y s t a l s o f S^NgC^ were replaced by a yell o w powder. 
The S,N 0C1 0 turned green before the yellow S.N,CI was formed, and t h i s i s 
^2 
thought t o be due t o the presence o f S,N0C1 as an i n t e r m e d i a t e . ' 
5 
A l t e r n a t i v e l y the c r y s t a l s o f S J f 0 C l 0 adhering t o the i n s i d e o f the a i r 
condenser may be used d i r e c t l y by q u i c k l y t r a n s f e r r i n g the a i r condenser onto the 
round bottomed f l a s k c o n t a i n i n g ^>^,\^ and C C l ^ and a l l o w i n g the r e f l u x i n g l i q u i d s 
to wash the c r y s t a l s i n t o the f l a s k . 
The product ( y e l l o w s o l i d ) was f i l t e r e d o f f w h i l e s t i l l warm, washed w i t h 
20 ml. a l i q u o t s o f dry carbon t e t r a c h l o r i d e and d r i e d by pumping o f f excess 
s o l v e n t , u s i n g a vacuum l i n e . S^N^Cl i s u s u a l l y formed as a b r i g h t yellow 
powder, though very slow c o o l i n g o f a hot saturated s o l u t i o n i n t h i o n y l c h l o r i d e 
49 
produces small orange c r y s t a l s . S.N,CI i s slowly attacked by moist a i r and so 
4 2 
was stored under d r y n i t r o g e n , or i n sealed b o t t l e s . 
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The conversion o f S^S^Clp t o S^N^Cl i s q u a n t i t a t i v e according t o the 
equation: 
3 S 3N 2 C 1 2 + S 2 C 1 2 > 2 S ^ C l + 3 S C l 2 2 4 9 
S.N^Cl may also be prepared from S 2N 0 C 1 0 by r e f l u x i n g the l a t t e r i n 
52 
carbon t e t r a c h l o r i d e only, S^N^Cl being s l o w l y formed. 
IR spectrum: (as a n u j o l m u l l and as a KBr d i s c ) : 
1,400 ( w ) , 1,160 ( s ) , 1,125 ( s h ) , 998 ( v s ) , 682 ( s ) , 
637 (w), 606 ( w ) , 565 ( s ) , 466 ( v s ) , 450 (sh) cm - 1 
UV spectrum: (cone. E^SO^ so l v e n t ) \max. = 335, 262 nm. ( s l o w l y 
decomposes). 
(See spectra i n Appendix) 
( v ) T h i o d i t h i a z y l c h l o r i d e S J ^ C l 
S^l^Cl was prepared from t h i o d i t h i a z y l d i c h l o r i d e (S^NgClg) by the method 
described by J o l l y . 2 4 9 Powdered S^NgClg v/as heated (ca. 80° t o 90° ) i n vacuo 
w i t h s t i r r i n g f o r about 40 minutes. The S^NgClg g r a d u a l l y turned t o a very dark 
green powder (S^WgCl) and dark v o l a t i l e ( u n i d e n t i f i e d ) products were deposited 
i n the vacuum l i n e and i n the c o l d t r a p . A f t e r the r e a c t i o n had been completed, 
the f l a s k was l e t down t o atmospheric pressure w i t h dry n i t r o g e n . The p u r i t y of 
the product was determined from i r . and uv. spectra (See Appendix) and by 
a n a l y s i s : 
IR ( n u j o l m u l l ) : 1,015 ( w ) , 962 ( s ) , 943 ( s ) , 746 ( w ) , 716 ( s h ) , 
709 ( s ) , 699 ( s ) , 667 ( s h ) , 584 ( s ) , 570 ( w ) , 
500 (w,b), 431 (m) cm"1 
For UV. spectrum and a n a l y s i s , see Chapter 7 on S^NgCl. 
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( v i ) T e t r a s u l f u r t e t r a i m i d e , S^(NH)^ was prepared from S^N^ i n benzene by-
red u c t i o n w i t h an a l c o h o l i c s o l u t i o n o f S n C l 2 . 6 4 , 7 5 ' 1 5 1 ' 5 4 9 ' 5 5 0 
A s o l u t i o n o f 10 g. of S^K^ i n 300 ml. o f dry benzene was heated t o 80° 
i n a f l a s k f i t t e d w i t h a condenser and dropping f u n n e l . A s o l u t i o n o f 35 g o f 
SnUI^ ^J^O i n 80 ml. o f methanol c o n t a i n i n g about 5% water was added through the 
dropping f u n n e l over a p e r i o d o f ca. 15 seconds. Vigorous b o i l i n g occurred and 
a white p r e c i p i t a t e s t a r t e d t o form immediately. A f t e r f i l t e r i n g the s o l i d was 
washed w i t h 200 ml. of d i l u t e HC1, u n t i l the excess t i n had d i s s o l v e d , then 
washed w i t h a l c o h o l and f i n a l l y ether. Y i e l d : approximately 40%. 
The product was i d e n t i f i e d by an a l y s i s and i r . spectrum: 
A n a l y s i s : Found % S^(HH)^ requires % 
S = 67.60 S = 68.17 
N = 29.63 M = 29.75 
H = 1.93 H = 2.14 
IR spectrum: ( n u j b l m u l l and K B r d i s c ) : 3,226 ( s ) , 3,125 ( s ) , 2,222 (w), 
1,299 (m), 901 ( v s ) , 719 (w), 699 (w), 538 ( s , b ) , 
416 ( s ) , 458 (sh) cm"1 (See Appendix) 
( v i i ) Heptasulfur imide, S,-,NH was prepared from the r e a c t i o n o f concentrated 
aqueous ajnmonia s o l u t i o n w i t h S 2 C 1 2 i n CS 2. 4 4' 4 5 D i s u l f u r d i c h l o r i d e ( S 2 C 1 2 ) 
(10 ml) was dissolved i n 40 ml. of carbon d i s u l f i d e and g r a d u a l l y added, w i t h 
vigorous s t i r r i n g t o 150 ml. of cooled concentrated aqueous ammonia s o l u t i o n . 
The optimum temperature f o r the r e a c t i o n v/as -10 t o -15°C so an i c e - s a l t c o o l i n g 
bath was used. A f t e r the a d d i t i o n the red CS2 phase was separated, washed w e l l 
w i t h water, and the CS2 was allowed t o evaporate slowly i n a fume cupboard. The 
gummy residue was ex t r a c t e d w i t h about three 30 ml. p o r t i o n s of warm CS 2 < The 
r e s u l t i n g s o l u t i o n contained some S^N^, s u l f u r , other s u l f u r imides, and 
polymeric SN compounds ( o f unknown s t r u c t u r e ) as w e l l as S^ NH. These could be 
separated chromatographically using a column o f s i l i c a g e l (standard chromatographic 
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re a g e n t ) , and CS^ as the e l u t a n t . ^ The f l o w r a t e was ca. 5 ml/minute. About 
ten f r a c t i o n s i n a l l were c o l l e c t e d , the was allowed t o evaporate and the 
r e s i d u a l products were i d e n t i f i e d by t h e i r i n f r a r e d spectra. S u l f u r came o f f 
the column f i r s t , f o l l o w e d by S^NH, and then S^N^ i n f a i r l y w e l l separated bands. 
Polymeric SN compounds moved very s l o w l y , and remained trapped on the column. 
29 "50 
Other imides are also formed i n smaller q u a n t i t i e s , ' but these were not 
detected i n the S^ NH as c o l l e c t e d from the column. The S^ NH was r e c r y s t a l l i s e d 
several times from dry benzene, and d r i e d i n vacuo t o y i e l d w h i t e , p l a t e - l i k e 
c r y s t a l s . I t was i d e n t i f i e d by i t s i n f r a r e d spectrum and by TLC (Rf value = 0.8, 
CS^ e l u t a n t ) . 
IR (as a n u j o l mull and as a KBr d i s c ) - See Appendix. 
3,230 cm"1, 5.1 yji (w) - N-H s t r e t c h 
812 cm"1, 12,32yu. (m) - N-H bend 
S u l f u r ( t h e main i m p u r i t y ) c o u l d not be detected by i n f r a r e d spectroscopy since 
i t i s e s s e n t i a l l y transparent; however, i t could be q u a n t i t a t i v e l y separated by 
t h i n l a y e r chromatography. 
5. Preparation o f Other Compounds 
( i ) Dimethyl Chloramine ( C l Q 2 NCI 
Dimethyl chloramine was prepared by the method described by Stevenson and 
389 
Schomaker. S t o i c h i o m e t r i c q u a n t i t i e s of c o l d concentrated calcium h y p o c h l o r i t e 
and concentrated aqueous dimethyl amine hydrochloride were reacted together and 
the r e s u l t i n g s o l u t i o n a c i d i f i e d by the a d d i t i o n of d i l u t e h y d r o c h l o r i c a c i d . The 
s o l u t i o n was f r a c t i o n a l l y d i s t i l l e d , c o l l e c t i n g the f r a c t i o n d i s t i l l i n g between 
35° and 50°C. This crude dimethyl chloramine was r e f r a c t i o n a t e d ( b o i l i n g p o i n t 
at atmospheric pressure = 45°C). 
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( i i ) Reinecke's S a l t - ^ CCr(HH,) z ( S C N ^ J l U J . 390 
Ammonium thiocyanate (40 g) was heated i n an evaporating basin w i t h 
s t i r r i n g u n t i l i t melted (140° - 150°C). Ammonium dichromate (6.8 g) was then 
c a r e f u l l y s i f t e d onto the surface i n small p o r t i o n s v/ith s t i r r i n g , not a l l o w i n g 
the temperature t o r i s e above l60°. The melt was then allowed t o cool and 
s o l i d i f y i n a desiccator. A f t e r i t had cooled, i t was added t o powdered i c e 
w i t h s t i r r i n g and the crude product f i l t e r e d . R e c r y s t a l l i s a t i o n was from water 
at 65°C The pure product was d r i e d i n a vacuum desiccator. Y i e l d approximately 
ELECTROLYTIC REDUCTION OF SULFUR AND S.N 4_ 
IN LIQUID AMMONIA 
CHAPTER 5 
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E l e c t r o l y t i c Reduction o f S u l f u r and S^ N 
i n l i q u i d Ammonia 
(A) I n t r o d u c t i o n 
The s u l f u r imides, S^ HH and S^(NH)^, are compounds of important p o t e n t i a l 
value. S^ NH has found uses as a f u n g i c i d e , an i n s e c t i c i d e ( w i t h low t o x i c i t y 
f o r higher o r g a n i s m s ^ 4 ) , and also as an e f f e c t i v e v u l c a n i s i n g agent f o r 
1 375 376 377 378 rubbers, as have i t s d e r i v a t i v e s . Some aspects o f t h e i r chemistry 
are discussed i n the f o l l o w i n g chapter. 
T h e i r p r e p a r a t i o n , however, i s d i f f i c u l t and inconvenient, p a r t i c u l a r l y 
the preparations of S^ MH, which i n v o l v e the use o f ammonia4"''* ^55»344»346 Q r 
ammonia s o l u t i o n s , 4 1 ' 4 " ' ' and c h l o r o s u l f a n e s . 4 ^ ' ^ 4 8 The products have t o be 
29 
separated u s i n g column chromatography and the f i n a l y i e l d s are low. The 
pr e p a r a t i o n i s f a i r l y d i f f i c u l t and time consuming. A l t e r n a t i v e l y , one of the 
more recent preparations may be used i n v o l v i n g hydrazine,301*333*334 L i A l H ^ ^ 
333 
or Raney n i c k e l w i t h S^N^ or S^H^Cl, or i n v o l v i n g chlorosulfanes and metal 
339 
azides. The main problem here i s the u n a v a i l a b i l i t y and p o t e n t i a l l y 
hazardous nature o f the m a t e r i a l s used. 
The only p r e p a r a t i o n o f S 4(NH) 4 i s from S ^ and a l c o h o l i c S n C l ^ 6 4 ' ^ ' 1 ^ 1 
349*350 ( g e e i n t r o d u c t i o n on preparations o f s u l f u r imides, and experimental 
s e c t i o n f o r d e t a i l s ) , and an a l t e r n a t i v e p r e p a r a t i o n would be o f value, since the 
d i f f i c u l t y (and hence high c o s t ) of making i t and also S^NH, severely l i m i t t h e i r 
p o t e n t i a l commercial value. 
I t was t h e r e f o r e decided t o t r y and f i n d simpler and cheaper routes t o . 
these imides and r e l a t e d compounds which v/ould make them more r e a d i l y a v a i l a b l e 
i n l a r g e r q u a n t i t i e s . Chemical and e l e c t r o l y t i c methods of r e d u c t i o n o f cheap 
SN compounds were considered. The e l e c t r o l y s i s o f s u l f u r i n l i q u i d ammonia 
appeared t o be a good system f o r the e l e c t r o s y n t h e s i s o f S^ NH and other imides. 
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This was st u d i e d under various c o n d i t i o n s i n c l u d i n g the a d d i t i o n o f other 
reagents t o accelerate the d i s s o l u t i o n of s u l f u r i n l i q u i d ammonia. The 
e l e c t r o l y s i s o f S^N^ i n various solvents was studied as an a l t e r n a t i v e route t o 
S.(NH).; selenium i n l i q u i d ammonia was also studied b r i e f l y . 
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(B) Solutions of S u l f u r i n L i q u i d Ammonia 
Elemental s u l f u r i s very soluble i n l i q u i d ammonia over a v/ide range o f 
391 228 temperatures forming green/blue e l e c t r i c a l l y conducting s o l u t i o n s . 
An e q u i l i b r i u m of the type: 10S + 4NH^ S^N^ + 6H,,S">^ has been 
p o s t u l a t e d as o c c u r r i n g i n such s o l u t i o n s , since S^N^ can be formed by the 
a d d i t i o n o f s i l v e r s a l t s , p r e c i p i t a t i n g out the i n s o l u b l e kg^S.^*^*^*^Q 
34 
Nelson and Lagowski however showed t h a t t h i s e q u i l i b r i u m does not e x i s t t o 
any appreciable extent i n anhydrous s o l u t i o n s , and instead p o s t u l a t e d t h a t 
species o f the type: S x(NH^) y, S x(NH 2)^~ and/or S^NH")^" may be present, the 
f i r s t o f these species being of the ammoniated s u l f u r type p r e v i o u s l y r e p o r t e d 
391 
by Ruff; the others e x p l a i n the observed c o n d u c t i v i t y o f the s o l u t i o n s . The 
formation o f small q u a n t i t i e s of S^ NH has been r e p o r t e d from s o l u t i o n s o f s u l f u r 
i n l i q u i d ammonia wi t h o u t e l e c t r o l y s i s on evaporating o f f the ammonia although 
t h i s has been disputed. (We also obtained detectable q u a n t i t i e s of S^ NH by t h i s 
method). S^ NH has also been re p o r t e d t o be formed by the r e a c t i o n s o f heavy 
metal compounds w i t h s o l u t i o n s o f s u l f u r i n l i q u i d ammonia. 
e.g. ( i ) S n + PbO + NH2 — ^ U ! } s NH + PbS + H o0 
( i i ) S Q + 2 Agl + 3NR"5 > S-^NR" + AggS + 2NH"4I 
Although s o l u t i o n s o f s u l f u r i n l i q u i d ammonia conduct e l e c t r i c i t y , the 
products o f e l e c t r o l y s i s have not been s t u d i e d . The re a c t i o n s which could occur 
t o produce S^ NH through e l e c t r o l y s i s are -
( i ) 2NH^^ NH2~ + NH"4+ s e l f i o n i s a t i o n 
( i i ) % S Q + NHj ^  S ?NH 2" 
( i i i ) S^NH2 ^ S^NH2 + e e l e c t r o l y s i s a t anode 
( i v ) S ?NH 2 > S?NH + ^ H 2 
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Other s u l f u r imides could also be s i m i l a r l y formed. 
The a v a i l a b i l i t y and cheapness of the s t a r t i n g m a t e r i a l s was also an 
important c o n s i d e r a t i o n . 
A f t e r the c o n s t r u c t i o n and s e t t i n g up of the apparatus (see pages 93f\f ) , 
the f i r s t problem encountered was the slowness o f d i s s o l u t i o n of s u l f u r i n l i q u i d 
ammonia which i s d e a l t w i t h i n the next s e c t i o n . 
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(C) Dissolution of Sulfur i n Liquid Ammonia 
Sulfur probably dissolves i n l i q u i d ammonia by chain fragmentation, to 
form the species: Sx(NH^)y., S^NH^" and/or S ^ l f f i ) ^ " as postulated by Nelson 
and Lagowski.^ Since the 3-S bond i s strong (264 KJ/mole, 63 K.cals/mole)"''^ 
chain fragmentation at -37°C (B.pt. of ammonia) i s the slow rate determining step 
i n the dissolution. 
Two methods were investigated to speed up the dissolution:-
(a) The addition of an appropriate e l e c t r o l y t e , which would attack 
and fragment the r i n g without i n t e r f e r i n g with t h e • e l e c t r o l y t i c process: 
Liquid ammonia undergoes s l i g h t s e l f - i o n i s a t i o n : 
2HH_ = f MH" + NH.+ 
3 * 2 4 
The presence of the WA^ or NH* ions may be responsible for the fragmentation 
of the sulfur r i n g , by nucleophilic or e l e c t r o p h i l i c attack on the r i n g causing 
dissolution, the slowness being due to the low concentration of these ions i n pure 
l i q u i d ammonia. 
e.g. Sg + NH~ > S Q ( N H 2 ) ~ etc. 
The species described by Kelson and Lagowski,"^ could be formed by t h i s 
mechanism. 
H^ S could also aid dissolution without i n t e r f e r i n g with the e l e c t r o l y t i c 
ior 
393 
2- 392 system by forming HS or S ons i n solution. These could also fragment the 
r i n g by nucleophilic attack.' 
e.g. S Q + SH > S SH 
r i n g chain 
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(b) Fragmentation could also be achieved by heating sulfur to near i t s 
b o i l i n g point (444.6°C), where i t exists as sulfur chains and then rapidly-
quenching i n l i q u i d nitrogen before dissolution i n l i q u i d ammonia. Experiments 
to speed up the dissolution of s u l f u r i n l i q u i d ammonia, were carried out 
simultaneously with the e l e c t r o l y t i c experiments. 
1. Addition of Ammonium Ion 
Ammonium ion, as ammonium tetrafluoroborate, was add.ed to the l i q u i d 
ammonia before the addition of sulfur. (Ammonium tetrafluoroborate i s soluble 
i n l i q u i d ammonia and the anion does not i n t e r f e r e with the e l e c t r o l y s i s ) . 
However, t h i s had l i t t l e ; e f f e c t on the rate of dissolution of sulfur. 
2. Addition of Amide Ion 
Potassamide (KWH^) was dissolved i n the l i q u i d ammonia. I n one 
experiment the sulfur dissolved rapidly, however t h i s could not be repeated and 
i t i s thought that traces of moisture may impede the nucleophillic attack of 
NH~ on the su l f u r r i n g since amide i s rapidly hydrolysed to ammonia and OH , 
however i n s t r i c t l y anhydrous conditions, WI^ ions may well aid dissolution. 
3. Addition of H 2S 3 9^ 
Addition of H^ S gas to the solution, with sulfur present, did speed up the 
dissolution of the sulfur considerably, however on evaporation, a f t e r e l e c t r o l y s i s , 
the residue was found to consist of of quantities of ammonium polysulfide (red 
s o l i d ) and s u l f u r . No other products (e.g. imide) were detected. 
I t was concluded that the hydrogen sul f i d e formed polysulfides ( S x n ) i n 
solution which contaminated the product and possibly also i n h i b i t e d the formation 
of imides. 
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4. Fragmentation of Sulfur by Heating 
Boi l i n g s u l f u r was poured i n t o l i q u i d nitrogen to fragment the rings 
before adding to the ammonia. However, i t was found that t h i s process did not 
increase the rate of dissolution of the sulfur p a r t l y due to the physical state 
of the quenched sulfur which was i n lump, rather than powder form (thus 
decreasing the surface area). A further problem was that the process i s more 
susceptible to contamination by moisture since the quenching process invariably 
causes moisture to condense on the surface of the sulfu r . 
5. Conclusion 
Since none of the above methods were found to be satisfactory, and since 
sulfur does eventually dissolve, a f t e r a period of hours, i t was eventually 
decided not to use added support electrolytes i n l a t e r experiments but to allow 
the sulfur to dissolve without any added reagent. 
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(D) E l e c t r o l y t i c Cell 
1. Description 
(See Diagram) 
'The c e l l f o r the e l e c t r o l y s i s of s u l f u r i n l i q u i d ammonia v/as obtained 
from Dr. O.R. Brown (Newcastle University). 
The whole apparatus was constructed of glass with platinum electrodes. 
The anode and cathode compartments of the c e l l v/ere separated by a sintered disc 
and both compartments were f i t t e d with a r e f l u x condenser (dry ice/methanol 
coolant). The base of the c e l l was enclosed i n a vacuum jacket calibrated i n 
ml. by marks on the outside. The apparatus was maintained under a back pressure 
of dry nitrogen. 
The e l e c t r i c current was supplied from AC. mains e l e c t r i c i t y (240v, 50 cps) 
and transformed to DC. Current and emf. could be measured simultaneously and 
the emf. varied continuously from 0 to 50v. 
2. Experimental 
I n a t y p i c a l experiment about 300 ml. of dry ammonia was condensed i n t o 
the c e l l v ia the r e f l u x condensers. The c e l l was maintained under r e f l u x 
conditions. Weighed amounts of sulfur (and other reagents as required) were 
added to the ammonia, and the solution s t i r r e d using a PTFE-coated magnetic 
s t i r r e r . Up to 60g of sulfur could be dissolved by adding i n batches of about 
15g over a period of about 2 hours. The conductivity of the solution increased 
with increasing concentration of sulfur (graph 1 ) , and with increasing emf. 
(graphs 2 and 3 ) . 
Considerable heating effects were noted at higher emfs, which caused 
brisk b o i l i n g of the ammonia from the electrodes and so a working voltage of 
between 20 and 25 v o l t s was used. I t was not possible to determine v i s u a l l y 
the complete dissolution of sulfur due to the opaqueness of the solution; 
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however, since the conductivity of the solution increased with increasing 
weight of dissolved s u l f u r , reaching a maximum with complete dissolution, t h i s 
was used as an indication when complete dissolution had occurred. An increase 
i n conductivity on adding a further small amount of sulfur was taken to indicate 
an unsaturated solution. 
Current was usually passed fo r about two hours during which time t h e 
conductivity gradually decreased, the solution remaining very dark blue/green. 
I t was found that the platinum electrodes sometimes became coated with 
sulfur during e l e c t r o l y s i s , thus a f f e c t i n g t h e i r efficiency. This coating could 
be removed by passing current i n the reverse d i r e c t i o n f o r a few minutes. 
After the completion of a run the solution was removed from the c e l l 
v ia a syphon i n t o a vacuum. Dewar, using a back pressure of nitrogen, and then 
allowing the ammonia to evaporate o f f under nitrogen. Any support el e c t r o l y t e 
which had previously been added v/as washed out from the residue with water. 
The residues were then analysed by TLC (CS2 e l u t a n t ) . 
3. Analysis of Residue 
The TLC analysis of the residues showed two main spots on the plate 
(Rf values = 0.95 and 0.8). The f i r s t spot v/as i d e n t i f i e d as sulfur (Rf value = 
0.95) which composed most of the residue but the second (Rf value = 0.8) 
corresponded to S^ NH. Some other minor spots were also observed. These were 
on or near the base l i n e and were therefore probably either support electr o l y t e 
or ammonium polysulfides. The ammonium polysulfides are red i n colour and were 
p a r t i c u l a r l y evident when H^ S was added as a support e l e c t r o l y t e . 
The S^ NH was i n s u f f i c i e n t quantities to enable i t to be separated from 
sulfur and other components by column chromatography (CS£ elutantJ. S^ NH was 
i d e n t i f i e d by i t s infrared spectrum. I t v/as estimated (from the appearance of 
the spots under uv. l i g h t and knov/ing the approximate weight necessary to give 
- 9 5 -
a spot of known density) that S^ WH comprised a few percent of the t o t a l residue. 
No other products .^e.g. S.N? or other imides) were i d e n t i f i e d . 
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(E) Discussion 
Electrolysis of solutions of sulfur i n l i q u i d ammonia was found to 
produce some S^ NH although i n low y i e l d . We have shown that traces of S^ NH 
are also produced by simply evaporating o f f the ammonia from such solutions, 
without using e l e c t r o l y s i s . The ef f e c t of ele c t r o l y s i s on these solutions 
seems to be to increase the yields of S^ NH although the exact amount i s d i f f i c u l t 
to determine, the majority of the residue i n a l l cases being sulfur. This i s 
not surprising considering the t o t a l current passed although the yields of 
S^ WH are much less than would have been expected had a l l the current been used 
to convert sulfur to S^ NH so that other e l e c t r o l y t i c reactions must also occur. 
I f species such as S (KB) are present they may undergo ele c t r o l y s i s to produce 
x y 
sulfur and ammonia and possibly also hydrogen and nitrogen as well as some S^ NH. 
The graphs 2 and 3 show that the solution obeys Ohm's law (V<>Cl) f a i r l y 
v/ell (up to ca. 20 v o l t s ) although at higher voltages there i s some " t a i l i n g o f f " 
(current less than expected) and t h i s i s probably due to the decrease i n the 
effi c i e n c y of the electrodes, due to the heating effe c t causing the ammonia 
solution to b o i l rapidly. 
The effect on the conductivity of the solution through adding sulfur at 
a fixe d potential i s i n t e r e s t i n g (Graph l ) . The current passed increases with 
increasing amount of sul f u r added as expected although the increase i s not 
line a r and at higher voltages the effect i s more pronounced than at lower voltages. 
Therefore, the same amount of sulfur causes a proportionally greater increase i n 
current at high voltages, than at lower voltages. This may be due to a 
proportionally larger concentration of ionic species at higher concentrations 
of s u l f u r . 
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(P) E l e c t r o l y t i c Reduction of S^ N^  
Tetrasulfur t e t r a n i t r i d e (S.N.) has been shown to form anions of the 
4 4 
type S^ N^ " (n = 1 to 4)» When S^ N^  was treated with potassium metal i n 
93 
scrupulously dry dimethoxy ethane colour changes were observed which were 
interpreted as successive reductions: 
S A 6 " > S.N." e~ > S.N.2" e " > S .N.3~ e " > S.N.4" 
4 4 7 4 4 7 4 4 7 4 4 * 4 4 
An esr. spectrum of the solution showed that the negative charge was delocalised 
191 
throughout the anion. 
The anion S^N^4 i s also formed when S^(NH)^ i s treated with triphenyl 
methyl sodium 3^ and other anions of the type S^N^n are probably intermediates 
i n i t s formation. Other sulfur nitrogen anions (e.g. S^ N ) are also 
known.342,343,365 
The basis of the present work was to e l e c t r o l y t i c a l l y reduce S^ N^  i n 
solution i n a suitable solvent to S.(NH). via the S.N.n anions. These could 
4V '4 4 4 
then be hydrolysed to y i e l d S^(NH)^. Some preliminary work was also undertaken 
on solutions of S.N. i n l i q u i d ammonia. 
4 4 
1. Experimental 
The e l e c t r o l y t i c c e l l was supplied by Dr. O.R. Brown (Newcastle) and 
a l l the e l e c t r o l y t i c experiments involving the c e l l were carried out there. 
The c e l l was of a simpler design to that used f o r l i q u i d ammonia since 
the solvents were l i q u i d s under normal conditions a.nd hence r e f l u x condensers 
and vacuum jackets were unnecessary. The c e l l was made of glass with a capacity 
of about 150 ml. I t consisted of a disc rotary platinum cathode and a fi x e d 
platinum anode remote from the cathode but i n the same single compartment. The 
c e l l was maintained under nitrogen and reagents added, under a back pressure of 
nitrogen. Emf. could be varied continuously and current versus emf. recorded as a 
direct p l o t on graph paper. 
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395 A c e t o n i t r i l e and pyridine were used as solvents f o r e l e c t r o l y s i s . 
Since the solutions themselves do not conduct e l e c t r i c i t y support electrolytes 
were also added. 
( i ) Electrolysis of S^ N^  i n A c e t o n i t r i l e 
Tetrasulfur t e t r a n i t r i d e (S^N^) was dissolved i n a c e t o n i t r i l e to form a 
saturated solution (ca. 0.01M). Tetra t e r t i a r y butyl ammonium bromide ( B u ^ N B r ) ^ ^ 
was used as the support e l e c t r o l y t e . A pl o t of current against emf. (c y c l i c 
voltametry) shov/ed successive oxidations at the cathode. (At least two and 
probably a t h i r d were observed although masked by electrolysis of the support 
e l e c t r o l y t e ) . Reduction, of Br (from the support e l e c t r o l y t e ) was observed at 
the anode. 
( i i ) E lectrolysis of S^ N^  i n Pyridine 197 
£54*^4 was dissolved i n pyridine (S^N^ i s s l i g h t l y soluble and stable to 
pyridi n e ) . Tetra t e r t i a r y butyl ammonium perchlorate ( B u ^ N CIO^) was used as 
the support e l e c t r o l y t e . The solution was electrolysed as before and the solution 
changed colour during the el e c t r o l y s i s from yellow to green which was taken to 
indicate the formation of S^ N^  anions. After ca. 1 hour no further colour changes 
were observed and the green solution appeared to be stable to storage f o r a few 
hours. Addition of ammonium chloride (as protonating agent) gave no reaction with 
the solution so concentrated hydrochloric acid was added. The green colour was 
immediately discharged forming a colourless solution which gave a v/hite s o l i d on 
evaporation. A sample of t h i s s o l i d was washed with water ( t o remove the ammonium 
salts and pyridine hydrochloride) and analysed. The infrared spectrum indicated 
a mixture of products, although S^ N^  i t s e l f was absent and t h i s was confirmed by 
an u l t r a v i o l e t spectrum. 
TLC (triethylamine elutant) showed a series of six separate components 
(Rf values: 0.14, 0.22, 0.J1, 0.40, 0.48, 0 .53) together with " t a i l i n g " between 
Rf. 0.53 "to ca. 0.8 and a f i n a l spot at Rf. = 0 .94. These may represent a whole 
series of imides or imide-like compounds, and are more f u l l y discussed on page 100. 
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( i i i ) Electrolysis of S^ N^  i n Liquid Ammonia 
Solutions of S^ N^  i n l i q u i d ammonia have been studied by Nelson.^ The 
397 
solutions are red and conduct e l e c t r i c i t y and spectral data indicate that a 
new species i s formed. Ruff has shown that S^ N^  gives an ammoniate of composition 
74 7 S .N 2NH7 v/hich i s i d e n t i c a l with the ammoniate SJtf-'NTT ', This species has t H J £ c. 3 
been formulated as HNSNSNHg"^  and gives conducting solutions i n ammonia.^'3^,227 
M 228 
A l l three hydrogens may be replaced by sodium to form salts ' but one i s more 
acidic than the other two. The elec t r o l y s i s of S^ N^  i n l i q u i d ammonia has not 
been studied and so a preliminary investigation was undertaken. 
The same c e l l was used as f o r the electrolysis of su l f u r i n l i q u i d 
ammonia. About 250 ml. of ammonia were condensed int o the c e l l and 1 g. of S^ N^  
was added to the l i q u i d with s t i r r i n g . This dissolved i n ca. -g hour to give a 
l i g h t orange solution which conducted e l e c t r i c i t y . A p l o t of emf. against current 
gave a linear graph (4) v/hich tended to " t a i l o f f " at higher emf's probably due 
to a decrease i n effective surface area of the electrodes due to the b o i l i n g 
of the ammonia from the electrodes as previously noted i n the case of sulfur. 
A further 1 g. of S^ N^  v/as dissolved and the solution electrolysed f o r ca. 2 hours 
at 15v, during which time the current f e l l from 130 mA to 110 mA. The solution 
remained the same colour throughout the electrolysis although a darkening i n 
colour was noticed i n the solution around the cathode. After 2 hours the solution 
was removed from the c e l l using the syphon and the ammonia allowed to evaporate 
o f f leaving a dark yellow s o l i d . Analysis of t h i s s o l i d using TLC (CS^ elutant) 
gave three spots. The f i r s t two v/ere S^ N^  and sulfur and the t h i r d v/as S^ NH 
although present i n only small amounts. No other products were detected. 
( i v ) Selenium i n Liquid Ammonia 
Selenium, unlike sulfu r and S^ N^ , i s insoluble i n l i q u i d ammonia. 1 g of 
grey selenium was added to 250 mis of l i q u i d ammonia i n the c e l l but remained, 
undissolved a f t e r several hours s t i r r i n g ; there was also no detectable change 
i n the conductivity and the selenium was eventually recovered unchanged. 
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2. Discussion 
The conductivity of S^ N^  i n both a c e t o n i t r i l e and pyridine showed that 
S^ff^ can be electrolysed. 
The stages of reduction (at least two) observed i n a c e t o n i t r i l e very 
probably correspond to the formation of the S^N^n anions: 
i.e . S 4H 4-2^> S4N4--2=-» S 4F 4 2--^-> etc. 
as has been observed i n other systems. 
Although S 4(WH) 4 could not be obtained from the solution by hydrolysis 
( t h i s may be due to the decomposition of the anions on hydrolysis since they are 
very reactive) the el e c t r o l y s i s shows that i t i s a possible preparative route f o r 
other sulfur-nitrogen compounds,particularly anions. 
A similar s i t u a t i o n occurred i n pyridine, colour changes indicating reaction. 
The analysis of the f i n a l products showed a complex mixture of at least six 
components and the absence of ^ 1 ^ . 
The products may be a mixture of uni d e n t i f i e d s u l f u r imides or other 
sulfur-nitrogen compounds, but i s also possible that the S 4N 4 underwent oxidation 
by the support el e c t r o l y t e (Bu^NCIO^ during e l e c t r o l y s i s to form the observed 
products. I n either case i t would be useful f o r further work to be done on these 
compounds since, as yet, they have not been i d e n t i f i e d but from t h e i r appearance 
on the 'PLC plate they are probably closely related. 
S 4N 4 i n l i q u i d ammonia conducts e l e c t r i c i t y therefore ionic species from the 
^4^4 m u s ^ ^ e prese* 1*i presumably ions from the species: HNSNSNH2. The product from 
e l e c t r o l y s i s was mainly s u l f u r , although some S^ NH wa.s also detected, showing that 
some e l e c t r o l y t i c reaction had occurred. The darkening i n colour of the solution 
around the cathode during e l e c t r o l y s i s also indicates that a reaction may be 
occurring. 
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This was only a preliminary investigation and more work i s necessary 
to further r a t i o n a l i s e t h i s system. 
D E C * 
Sffiftt 
THE SULFUR IMIDES 
CHAPTER 4 
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The Sulfur Imides 
(A) Introduction 
The chemistry of the two sulfur imides: S^(NH)^ and S^ NIJ was investigated 
as these were the two most probable products from the e l e c t r o l y t i c reduction of 
S^ N^  and su l f u r discussed i n the previous chapter. The synthesis of new 
derivatives of these imides was studied i n order to prepare new and hopefully 
useful compounds. S^(NH)^ and S^ NH are the two most easily prepared sulfur 
imides so that many reactions could be carried out using imides i n quantities 
of about 1 g. S^ NH i s reported to have organic a c t i v i t y as a fungicide and 
334 374 
pesticide, and i t s derivatives may also possess similar properties. 
The reactions of the two imides are dealt with separately i n t h i s 
chapter. 
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(B) Reactions of S^CNH)^ 
S^(NH)^, prepared from S^ N^  by reduction with alcoholic SnClg, was found 
(from infrared spectrum and analysis) to be s u f f i c i e n t l y pure to be used without 
further p u r i f i c a t i o n . Many of the reactions and properties of t h i s compound were 
398 
studied by Younger at t h i s University, and therefore the work described i n 
t h i s thesis concentrates on the areas not covered by him. 
1. Reaction of S^(NH)^ with Alkaline Formaldehyde Solution 
Since the product (SW.CH^ OH)^  from t h i s reaction, formed the s t a r t i n g 
material f o r several other reactions described i n t h i s section, the preparation 
was repeated many times. I n a t y p i c a l reaction: S^(lIH)^ (0.94g)was slowly 
heated with ca. 10 ml. of aqueous formaldehyde solution (40%) and ca. 20 ml. of 
I N sodium hydroxide solution, v/ith s t i r r i n g . The S^(NH)^ (insoluble i n water) 
gradually dissolved on heating to form a colourless solution ( l i t t l e apparent 
reaction at 20°C) and when dissolution was complete, the solution was f i l t e r e d 
hot, evaporated to low bulk and then allowed to cool to 0°C. White p l a t e - l i k e 
crystals were formed which were f i l t e r e d , washed with a l i t t l e cold water, and 
dried by pumping i n vacuo. The product was r e c r y s t a l l i s e d from dry ether. The 
volumes of formaldehyde and sodium hydroxide used are not c r i t i c a l , so long as 
they are i n excess. 
Yield of r e c r y s t a l l i s e d material = ca. 1 g. = ca. 77% 
The above i s a modification of the preparation f i r s t described by Meuwsen 
and also l a t e r repeated by A r n o l d . ^ 
Analysis: 
Found % (SN.dL.0H) requires % 
S = 41.58 S = 41.58 
N = 18.40 N = 18.18 
C = 16.00 C = 15.58 
H = 3.80 H = 3.90 
0 = 20.22 (by difference) 0 = 20.76 
75 
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Infrared spectrum (as a nujol mull, and as a KBr disc ) : 
3,125 ( s ) , 2,632 (m), 2,532 (w), 1,482 (m), 1,460 (sh), 1,389 (w), 
1,282 (wO, 1,111 (m), 1,058 ( s ) , 1,038 (v s ) , 1,013 (m), 862 (m,b), 
775 ( v s ) , 730 (m,b), 680 ( s ) , 667 (sh), 448 (m), 435 (m) cm"1 
(See Appendix) 
Product: \7hite p l a t e - l i k e crystals. M.pt. l60°C (decomp). Very slow 
r e c r y s t a l l i s a t i o n yields long needle-like crystals. Soluble i n acetone, CCl^, 
toluene, ether, alcohol, benzene and most other common organic solvents. Soluble 
and stable i n water. Insoluble i n saturated hydrocarbon solvents (e.g.: hexane). 
2. Reaction of S^(NH)^ with other aldehydes 
I n view of the reaction of S^(NH)^ with formaldehyde, which readily 
yielded a c r y s t a l l i n e derivative, the reaction of other aldehydes with S^(NH)^ 
was investigated. There was no reaction i n the absence of a l k a l i and i n the 
presence of a l k a l i , aldehydes with anOC -hydrogen readily undergo the aldol 
condensation,^^ so that the reaction of these aldehydes with S^(NH)^ f a i l s . 
Benzaldehyde (CgH^CHO) was chosen since there i s no OC-hydrogen to the aldehyde 
group. 
S^(lTH)^ (ca. 1 g) was suspended i n ca. 20 ml. of I N sodium hydroxide 
solution and ca. 5 ml. of 'benzaldehyde added to the mixture (benxaldehyde i s 
insoluble i n water). The mixture was s t i r r e d and heated f o r ca. 2 hours, but no 
reaction appeared to occur, the infrared spectrum of the reaction products 
showing only unreacted s t a r t i n g material as i d e n t i f i a b l e compound. 
The reaction was also attempted using f u r f u r a l i n place of benzaldehyde 
( f u r f u r a l i s soluble i n v/ater), but, once again, no apparent reaction occurred. 
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3. P a r t i a l Substitution by Formaldehyde 
I n (SK.CH^OH)^, a l l four positions on the SIT r i n g , are substituted with 
the -CHgOH group; therefore investigations were carried out to determine i f 
products could be obtained with only some of these positions substituted. 
S^(HH)^ (.1.0g) was suspended i n ca. 20 ml. of I N sodium hydroxide 
solution, as before, and 0.5 ml. of 40% formaldehyde solution added (molar r a t i o 
S^(NH)^: HCHO = 1:2). The mixture was heated as before but very l i t t l e reaction 
occurred the unreacted S^(NH)^ being f i l t e r e d o f f and a very small quantity of 
compound ( i d e n t i f i e d as (SN.CHgOH)^ by the infrared spectrum) was recovered on 
evaporating o f f the solution. 
4. Reactions of (SU.CH^OH)^ with metal chlorides 
The reactions of sulfur-nitrogen compounds with metal chlorides has 
produced a large number of in t e r e s t i n g compounds. S^ N^  forms a large series of 
adducts with metal halides and other Lewis acids (see also introduction -
Pages 22ff ) , and (NSCl), also forms adducts with metal chlorides such as A1C1,, 
3 3 + + FeCl, and SbCl c, which are intermediates i n the formation of S„NC1_ and S.-N,. 3 5 2 2 5 5 
salts (see Chapters 5 an^ 6, t h i s t h e s i s ) . The reactions of (SN.CHgOH)^ with 
metal chlorides were therefore investigated as a possible route to new and useful 
intermediates. 
( i ) Reaction with Stannic Chloride 
(SN.CHgOH)^ (0.2249 g) was dissolved i n ca. 20 ml. of dry benzene and a 
benzene solution of stannic chloride (SnCl. i s miscible with benzene) was added 
4 
slowly to the s t i r r e d solution. An immediate white p r e c i p i t a t e appeared on 
mixing the solutions, which did not appear to react with excess stannic chloride. 
Wo gases (e.g. HCl) were evolved. "The precipitate was f i l t e r e d o f f , washed with 
dry benzene, and dried i n vacuo. Product: white pov/der, apparently a i r and 
water stable, insoluble i n a l l common solvents, decomposes without melting at 
ca. 120°C. 
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Infrared spectrum ( n u j o l mull and KBr di s c ) : 
3,125 (s,vb), 1,695 (m), 1,613 (sh), 1,449 (sh), 1,409 ( s ) , 1,266 (w), 
1,191 (vw), 1,136 (m), 1,124 (m), 1,070 ( s ) , 1,047 (m), 1,026 (sh), 
784 ( s ) , 752 (w), 685 Cm) cm""1 (See Appendix) 
Analysis: 
Found % 
( i ) ( i i ) 
N = 7.82 N = 8.24 
C = 13.04 C = 10.8 
H = 2.54 H = 2.26 
Required: 
4 , Sn 
Requires % 
(SN.CH2OH)4 SnCl 4 
N = 9.85 
C = 8.48 
H = 2.13 
(SN.CH2OH)4, 2SnCl^ 
Requires % 
N = 6.75 
C = 5.79 
H = I.46 
Since the analysis was inconclusive as to the stoichiometry of the 
compound (assuming i t to be a simple adduct of the form: (SN.CHgOHj^n SnCl^), 
a gravimetric analysis was carried out: 
(SN.CH2OH)4 (0.2249 g) was dissolved i n benzene, and excess SnCl 4 added, 
to give the adduct as before. The flask was then pumped dry to constant weight 
(both benzene and SnCl 4 are v o l a t i l e under these conditions); 0.5787 g of 
product was formed. This calculates n = 1.84, i . e . a mixture. 
( i i ) Reaction with FeCl., 
(SN.CH2OH)4 (about 0.5 g) was dissolved i n dry benzene as before, excess 
f e r r i c chloride i n dry benzene added and the mixture s t i r r e d f o r ca. 2 hours. 
A brown pr e c i p i t a t e gradually formed and t h i s was f i l t e r e d , washed several times 
with dry benzene and pumped dry i n vacuo. Product: Brown powder, apparently a i r 
and water stable. 
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Infrared spectrum (KBr dis c ) : 
3,226 (s,b), 2,632 (w), 2,532 (vw), 1,626 (w), 1,450 (w), 1,409 (w), 
1,390 (w), 1,266 (w), 1,191 (vw), 1,143 (m), 1.099 ( s ) , 1,070 ( v s ) , 
1,042 ( v s ) , 1,020 ( v s ) , 926 (w), 833 (sh), 781 ( v s ) , 72J(vw), 
680 (m), 526 (w.b) cm 
This infrared spectrum shows a s i m i l a r i t y to that of the (SN.CH^OH)^, SnCl^ 
complex, indicating a s i m i l a r structure. 
( i i i ) Reaction with TaCl,-
(SN.CHJJOH)^ (1.0 g) was dissolved i n benzene, as before, and 5^0 g (4:1» 
s l i g h t excess) of TaCl^ i n benzene added. An immediate reaction occurred, to 
y i e l d a white microcrystalline s o l i d , which was presumably the (SN.CE^OH)^, n TaCl,. 
adduct. I t was apparently a i r and v/ater stable. 
Infrared spectrum (nu j o l mull): 
3,125 ( s ) , 2,632 (w), 2,247 (w), 1,640 (w), 1,282 (m), 1,099 (m), 
1,064 ( s ) , 1,042 ( v s ) , 1,015 ( s ) , 855 (m,b), 779 ( v s ) , 722 (m,b), 
680 ( s ) , 450 ( s ) , 437 (s) cm"1 
The analyses were inconclusive so that the value of n i n the formula could 
not be determined. 
( i v ) Reaction with SbCl^ 
(SW.CHgOH)^ (0.0768 g) was dissolved i n ca. 10 ml. of dry CCl^ t and ca. 
0.15 ml. of SbCl^, (excess), added to the s t i r r e d solution. An immediate reaction 
occurred, a v/hite p r e c i p i t a t e forming, and turning l i g h t pink on s t i r r i n g f o r 
ca. 5 minutes. The mixture was s t i r r e d f o r ca. 1 hour. No further reaction 
occurred and the mixture was pumped dry i n vacuo (SbCl^ and C Cl^ both pumped o f f ) . 
Product: cream coloured powder, a i r and moisture sensitive. 
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Infrared spectrum (n u j o l mull): 
3,200 ( s ) , 1,680 ( s ) , 1,520 (w), 1,280 (m), 1,120 (m,b), 1,030 (m,b), 
910 (m), 810 (m), 795 (w) cm"1 
Analysis: General formula: (SIT.CH^ OH) ., n SbCI^. 
Pound % Required f o r : n = 1 n = 2 n = 3 n = 4 
S = 10.8 S = 21.11 14.15 10.64 8.52 
H = 3-99 N = 9.22 6.18 4.65 3.72 
CI = 44.38 CI = 29.18 39.11 44.12 47.13 
Although the analyses are inconclusive, the formula with n a v ^ 3*0, seems 
the most probable. 
(v) Reaction with TiCl^ 
(SH.CHgOH)^ (0.08 g) was dissolved i n ca. 10 ml. of dry C Cl^ and 0.15 ml. 
TiC l ^ (excess), added to the s t i r r e d mixture. An immediate reaction occurred, 
a pink (flesh-coloured), p r e c i p i t a t e forming rapidly. The mixture v/as s t i r r e d 
f o r ca. 1 hour. No further reaction took place and the mixture v/as pumped dry i n 
vacuo. ( T i C l ^ and C Cl^ both pumped o f f ) . Product: l i g h t - p i n k coloured powder. 
Infrared spectrum (n u j o l mull): 
3,150 (m), 1,650 (w,b), 1,310 (w), 1,270 ( s ) , 1,105 ( s ) , 1,030 (m), 
810 (s,bj cm"1 
Analysis: For general formula: (SN.CH2OH)4, n T i C l 4 
Found % % Required f o r n = 1 n = 2 n = 3 n = 4 
S = 10.22 S = 25.74 18.64 14.61 12.02 
N = 0.44 H = 11.25 8.15 6.38 5.25 
CI = 45.77 CI = 28.47 41.24 48.48 53.15 
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Although the analyses are inconclusive, the formula v/ith n a y ~ 3-0 again 
seems the most probable. 
( v i ) Reaction with A1C1, 
(SN.CH2OH)4, (0.0839 e) wa-s dissolved i n ca. 20 ml. of C C l 4 and AlGl^ 
(0.15 g) (1:4 molar r a t i o ) dissolved i n ca. 100 ml. C Cl^ and added to the 
solution. The mixture was s t i r r e d f o r c&» 6 hours at room temperature. A v/hite 
p r e c i p i t a t e gradually formed during t h i s time. The solution was f i l t e r e d and the 
preci p i t a t e pumped dry i n vacuo. The product (cream-coloured powder^ was d i f f i c u l t 
to mull, but an infrared spectrum indicated a s i m i l a r i t y to the other (SN.CHgOH)^/ 
metal chloride adducts previously prepared. 
( v i i ) Reaction v/ith thallium compounds 
(SN.CH^OH)^ i n ethanol solution, reacted immediately with a solution of 
thallous hydroxide i n ethanol to give a white p r e c i p i t a t e , which gradually turned 
black on exposure to a i r , but which presumably was a thallium derivative. 
5. Reaction of (SH.CH^OH)^ v/ith Isocyanates 
( i ; Reaction with phenyl isocyanate 
S^N.CH^ OH)^  ^ 1.0 g) and phenyl isocyanate ( s l i g h t excess) were separately 
dissolved i n dry benzene and the solutions mixed and refluxed with s t i r r i n g . A 
v/hite p r e c i p i t a t e was formed a f t e r ca. 10 minutes, which v/as f i l t e r e d o f f , and 
re c r y s t a l l i s e d from ethanol. The product, hov/ever, was probably dimeric phenyl 
isocyanate. 
Product: V/hite c r y s t a l l i n e s o l i d , M.pt. and decomposition point ^ 250°C. 
Infrared spectra ( n u j o l m u l l ) , main absorptions: 
1,775 ( v s ) , 1,750 ( v s ) , 1,600 ( s ) , 1,500 ( v s ) , 1,420 ( v s ) , 1,260 ( s ) , 
1,110 ( s ) , 1,090 ( s ) , 1,040 (m), 1,030 (m), 898 (m), 800 ( s ) , 790 ( s ) , 
765 ( v s ) , 745 ( v s ) , 690 (s) cm"1 
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Analysis: 
Found % (GCEj N C 0 \ i requires % 
N = 11.96 N = 11.7 
c = 70.67 C = 70.6 
H = 4.15 H = 4.24 
0 = 13.22 0 = 13.46 
(by difference) 
( i i ) Reaction with CO-naphthyl isocyanate 
(SN.CHgOH)^ (l.O g) and oc-naphthyl isocyanate ( s l i g h t excess) v/ere 
refluxed together i n dry benzene. A white precipitate was formed a f t e r ca. 10 
minutes which was f i l t e r e d and pumped dry i n vacuo. The product was, however, 
found to be probably dimeric oc-naphthyl isocyanate. 
Infrared spectra (nujol mull): 
1,710 ( s ) , 1,630 (m), 1,595 (w), 1,560 (m), 1,410 (m), 1,345 (w), 
875 (w), 800 (m), 775 ( 3 ) , 765 (m), 725 (m) cm"1 
Analysis: 
Found % (C 1 0H^ NCO)^ requires % 
N = 8.3 N = 8.3 
C = 77.0 C = 78.09 
H = 4.8 H = 4.16 
0 = 9.9 0 = 9-45 
(by difference) 
( i i i ) Reaction with t - b u t y l isocyanate 
(SN.CHgOH)^ (l.O g) was refluxed with t - b u t y l isocyanate i n dry benzene 
for ca. 6 hours; but an infrared spectrum of the products obtained by evaporating 
o f f the solvent showed that l i t t l e reaction had taken place, the product being 
mainly unreacted (SN.CHgOH)^. 
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6. Reactions of (SN.CHgOH)^ with Acid Chlorides 
( i ) Reaction with acetyl chloride 
64 
The acetyl derivative was prepared, as described by Arnold, i . e . 
(SN=CH^OH)4 (0.8 g) was added to 1 g of acetyl chloride and 2 g of potassium 
carbonate i n ethyl acetate as solvent. The reaction mixture was warmed for ca. 
15 minutes, f i l t e r e d to remove the inorganic material, and the ethyl acetate 
evaporated o f f , leaving the product i n about 10?6 y i e l d . 
This reaction was repeated several times with varying degrees of l i m i t e d 
success and was also carried out using pure acetyl chloride as the solvent. A 
cr y s t a l l i n e product was eventually formed which was not s t a r t i n g material; 
however, the analysis and infrared spectrum were inconclusive as to i t s i d e n t i t y , 
the desired product being the ester-type derivative: (SN.CH^ OCOCH^ )^ . 
Similar observations were made with propionyl chloride i n place of acetyl 
chloride. 
( i i ) Reaction with p-nitrobenzoyl chloride 
64 
This reaction i s also described by Arnold. The reaction was carried out 
on ca. scale: i . e . (SN.CHgOH)^ (0 .3 g),p-nitrobenzoyl chloride (0.8 g) and ca. 
5 ml. of benzene were refluxed f o r ca. 15 minutes. A white p r e c i p i t a t e was formed, 
which was washed with hot benzene, dissolved i n hot nitrobenzene (ca. 80°C), and 
precipitated from the evolved solution by excess CCl^. Recrystallisation was 
from a nitrobenzene-acetone mixture. 
The above preparation was carried out twice. The p u r i f i c a t i o n and 
r e c r y s t a l l i s a t i o n from a nitrobenzene-acetone mixture was found to be d i f f i c u l t , 
although no alternative solvent was found. The f i n a l y i e l d was small, but 
64. 
consisted of cream-coloured plates (as described by Arnold). 
The analysis was inconclusive, but the infrared spectrum appeared consistent 
with the desired compound; i . e . (SN.CHgO.CO.CgH^p-NO^)^. 
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( i i i ) Reaction with 3 , 5-dinitrobenzoyl chloride 
(SN.CHgOH)^ (l.O g), 3 , 5-dinitrobenzoyl chloride ( s l i g h t excess) and 
ca. 1 ml. pyridine, were mixed together i n benzene solution and the mixture 
heated to r e f l u x for ca. 45 minutes. The solution was then allowed to cool, and 
ca. 10 ml. of saturated aqueous sodium bicarbonate solution added. The precipitate 
was f i l t e r e d , washed with fresh sodium bicarbonate solution, then with v/ater and 
re c r y s t a l l i s e d from a methanol/water mixture. Product: white c r y s t a l l i n e s o l i d 
M.pt. 104°C 
The infrared spectrum was consistent v/ith the desired product, although 
the analysis was inconclusive, so that the product v/as not p o s i t i v e l y i d e n t i f i e d 
as the 3 , 5-dinitrobenzoyl "ester" derivative, i . e . as (SN.CHgO.CO.CgH^O^NOg)^)^. 
7. Reactions of S^NH)^ with Isocyanates 
( i ) Reaction with phenyl isocyanate 
The reaction of S^NH)^ with phenyl isocyanate, to form (SN.CO.NH.CgH,-)^  
has been reported by Arnold. The preparation was repeated i n approximately 
l/lOth quantities, i.e. S^NH)^ (0 .5 g) and phenyl isocyanate (ca. 1.5 g) were 
refluxed i n benzene solution for ca. 4 hours, the mixture cooled and the residue 
f i l t e r e d o f f , washed with benzene, and re c r y s t a l l i s e d from acetone. 
However, the product obtained v/as found (by i t s infrared spectra) to consist 
mainly of s t a r t i n g material, S^NH)^, and so l i t t l e reaction had taken place. 
( i i ) Reaction v/ith op-naphthyl isocyanate 
The above reaction was repeated using oc-naphthy1 isocyanate i n place of 
phenyl isocyanate and a pink-coloured powder was obtained, but, once again, the 
infrared spectra showed i t to be impure s t a r t i n g material, S^NH)^. 
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8. Reactions of (SH.CH^OH)A with Metallic Sodium 2—1.4 
Since (SN.CH^OH)^contains alcohol (-0H) groups, the hydrogen may be 
replaceable, forming an anion,with metallic sodium. 
(SN.CHpOH)^ (ca. 1.0 g) was s t i r r e d with excess metallic sodium i n d i e t h y l 
ether. The reaction was very slow and l i t t l e change was observed, although a 
gas (presumed to be hydrogen) was slowly evolved. After several days, the excess 
sodium was removed, and ethyl iodide added. No immediate reaction occurred and 
on evaporation a white s o l i d was produced which turned yellow on exposure to a i r . 
The reaction was repeated using benzene as solvent and the mixture 
refluxed. The (SIT.CHgOH)^ (v/hite) slowly turned to a green powder which appeared 
to be f a i r l y a i r stable, although i t decomposed i n water. An infrared spectrum, 
although d i f f i c u l t to prepare, suggested that the S-N r i n g was s t i l l i n t a c t . 
Reaction with ethyl iodide did not produce any i d e n t i f i a b l e product. 
9. Reactions between (SH.CH^OH)^ and Phosphorus Chlorine Compounds 
( i ) Reaction with (PhO)„POCl 
el 
(SN.CH2OH)4 (0.2867 g) was dissolved i n ca. 20 ml. CC1 4, (PhO)2POCl, (l.O g) 
added ( l : 4 molar r a t i o , miscible with CCl^), and the solution s t i r r e d at ca. 60°C 
fo r ca. 1 hour. HC1 was evolved. A white p r e c i p i t a t e gradually formed and t h i s 
was f i l t e r e d , washed with further CCl^, and pumped dry i n vacuo. Product: white 
powder, apparently a i r and water stable. 
Infrared spectrum (nu j o l mull): 
1,587 (m), 1,493 (m.obsc), 1,300 (m), 1,190 (m), 1,163 (m), 1,093 (sh), 
1,069 (m), 1,026 ( s ) , 971 ( s ) , 930 (m), 909 (sh), 769 (s,b), 752 (sh), 
730 (sh), 722 (sh), 685 ( s ) , 615 (w) cm"1 
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Th e infrared spectrum shows s i m i l a r i t i e s to those of (SN.CHgOH)^ (with 
s h i f t s i n the absorptions), and also to (PhO^POCl. Also the absorption f o r -OH 
i n (SN.CHgOH)^ (at 3125 cm - 1) i s absent. This indicates that the product has 
substituted the hydrogen on the alcohol group, probably at a l l four positions, 
to give " e s t e r - l i k e " compounds of the form SN.CH.OP(0)(PhO)2 
( i i ) Reaction with Ph^PCl 
The above reaction was repeated using PhgPCl. (SN.CHgOH)^ (0 .3339 g) were 
dissolved i n ca.. 15 ml. of CCl^, and PhgPCl (ca. 2 g) (excess) was added slowly. 
The solution was warmed to c&. 60°C with s t i r r i n g . Hydrogen chloride was evolved, 
and a white precipitate gradually formed. The solution was refluxed f o r ca. 
12 hours to ensure completion of reaction, t h e n f i l t e r e d ; the precipitate was 
washed with C Cl^ and pumped dry i n vacuo. Product: v/hite powder, soluble i n CS^  
(without decomposition), insoluble CCl^, f a i r l y soluble i n benzene and THF. 
TLC analysis (CS2 solvent): product remains on base l i n e , no other spots detected. 
Infrared spectrum ( n u j o l m u l l ) : 
2,941 ( s ) , 2,778 (s,obsc), 1,667 ( s ) , 1,613 (w), 1,587 (vw), 1,460 ( s ) , 
1,401 ( s ) , 1,516 (m), 1,266 (w), 1,183 (m), 1,123 ( s ) , 1,105 (sh), 
1,070 (sh), 1,042 (w), 1,000 (w), 935 (flO, 840 (sh), 833 (m), 787 (m), 
751 (m), 722 ( s ) , 694 ( s ) , 548 (m) cm - 1 
The analyses i n both cases were inconclusive. 
10. Reactions of S,(NH), with Sulfur 
The reactions of S^NH)^ with sulfur were studied under a v a r i e t y of 
conditions, as a potential route to other s u l f u r imides. 
( i ) Reaction of S^CNH)^ with s u l f u r i n the melt 
Tetrasulfur tetraimide S^NH)^ (O.38I g) and s u l f u r (4.086 g) (stoichiometric 
r a t i o f o r formation of S^NH), were mixed together and heated slowly under dry 
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nitrogen u n t i l the mixture melted (ca. 120°C). The mixture became red i n colour 
and the temperature was maintained at 120° f o r ca. 15 minutes. The mixture was 
then allowed to cool to room temperature and analysed by TLC chromatography 
(CSg el u t a n t ) . Five spots were observed: 
No. Rf value Designation 
1 0.0 base l i n e • S^(NH)^ 
2 0.4 S 4N 4 
0.8 S^ NH 
4 0.9 Red compound (S^Ng) ? 
5 0.95 Sulfur 
S 4(NH) 4, S^ N^ , S^ NH and sulfur were i d e n t i f i e d by comparison with standard 
samples. S^ NH was also i d e n t i f i e d by c o l l e c t i n g s u f f i c i e n t sample from the 
TLC plate to run an infrared spectrum. The red compound (4) gradually decomposed 
on the plate and so was probably S^ Ng. 
( i i ) Reaction of sulfur and S^NH)^ i n toluene 
S 4(NH) 4 (0.5988 g) and s u l f u r (0.5432 g) (molar r a t i o S^NH^Sg = 1 :1) , 
were mixed i n ca. 50 ml. toluene ajid s t i r r e d together at room temperature. No 
apparent reaction occurred, so the mixture was refluxed (llO°C) f o r ca. 6 hours, 
and then cooled. The toluene was pumped o f f i n vacuo, and the residue analysed 
by TLC using CSg as elutant as before. 
^4^4 w a s ^ e ma:'-n reaction product although some S^ NH was also present, 
together with the same red compound as before (S^g?). Some s t a r t i n g material 
was also present, so the residue was refluxed i n toluene f o r a further 12 hours, 
the same products were formed. 
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( i i i ) Decomposition of S^CHH)^ 
' S^CNH)^ was heated under dry nitrogen at ca. 110°C alone and i n r e f l u x i n g 
toluene u n t i l complete decomposition had occurred. The only i d e n t i f i a b l e s u l f u r -
nitrogen product was S^ N^ , which i s the main decomposition product, as previously 
x in 
400 
t?2 
reported. Pyrolysis of other sulfur imides also yields S^ N^  as the only 
i d e n t i f i a b l e sulfur-nitrogen product, 
( i v ) Reaction of S^CHH)^ with sulfu r i n l i q u i d ammonia 
Solutions of sulfur i n l i q u i d ammonia are a p o t e n t i a l source of sulfur 
imide fragments of the form: S (NH g)^ and/or S ( N H ) ^ ~ , ^ (see discussion i n 
x d. y x y 
previous chapter) and so, f o r the results obtained above, l i q u i d ammonia v/as used 
as an alternative solvent to toluene. 
S^NH)^ (0.2263 g) and s u l f u r (0.9247 g) (molar r a t i o f o r formation of 
were mixed i n a Carius tube and dry ammonia condensed i n t o the tube using 
a vacuum l i n e i n the normal way. The tube was sealed i n vacuo and allowed to 
warm up (behind a blast screen) to room temperature. 
The solution was the characteristic deep blue colour of sulfur i n l i q u i d • 
ammonia. The solution was further heated to ca. 55°C f o r ca. 1 hour and then 
cooled to l i q u i d nitrogen temperatures. The Carius tube seal was broken under 
dry nitrogen, the ammonia evaporated o f f , and the residue extracted with CS2» 
TLC analysis showed the presence of S^ N^ , S^ NH and a red compound (S^Ng?), as 
v/ell as s t a r t i n g materials ( s u l f u r and S^NH)^). The most intense spot was 
s u l f u r , although t h i s i s not unexpected since the i n i t i a l s t a r t i n g material 
consisted mainly of sulfur. The spots due to S^ N^  and S^ KH were also clear and 
of roughly equal i n t e n s i t y . 
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(c) Properties and Reactions of S^ NH 
S^ NH was prepared from the reaction of concentrated aqueous ammonia 
solution with SgClg i n CS^ and p u r i f i e d chromatographically, as previously 
d e s c r i b e d . 4 4 ' 4 5 
1. Physical Properties 
S^ NH and other sulfur-nitrogen compounds could be i d e n t i f i e d by t h e i r 
position on a TLC plate (Rf values): 
Solvent 
Compound C Cl^ CS^ 
S7HH 0.75 0.8 
S 8 0.94 0.91 
S 4N 4 0.57 0.4 
SrjMl was observed to melt at 1 1 2 . 5 ° ( l i t e r a t u r e value = 1 1 3 . 5 ) 8 ' 5 5 5 ' 5 5 4 
and to decompose immediately a f t e r melting. S^ KH sublimes at 10 ^ mm mercury 
pressure at 100°C. Some decomposition to sulfur was observed (by analysis 
using TLC). S^ NH sublimes more slowly at 70°C but less decomposition was observed. 
Elemental sulfur also sublimes under these conditions. 
S^ NH, present i n a mixture, can be qua n t i t a t i v e l y determined, using TLC 
techniques. A sample of a mixture of sulfur and S^ NH (previously made up from 
pure compounds) was separated i n t o i t s components (using CSg solvent) and the 
sulfur and S^ NH recovered and weighed with a 4/6 overall loss. 
2. Reaction with Dimethyl Chloramine - Me^MCl 
( i ) I n C Cl^ solution 
S^ NH (0.3956 g) was dissolved i n ca. 50 ml. of CCl4» and cooled to -20°C. 
This solution was added to a solution of dimethyl chloramine^^' 4^ 1 (0 .2 g, s l i g h t 
excess) i n CCl^, at -20°C with s t i r r i n g and the solution allowed to warm slowly 
-118-
to room temperature. A yellow solution and a yellow-orange pr e c i p i t a t e were 
formed. The solution was f i l t e r e d and evaporated to dryness y i e l d i n g a yellow 
s o l i d . The precipitate (yellow-orange) was added to dry dioxaneto attempt a 
r e c r y s t a l l i s a t i o n but the prec i p i t a t e turned yellow without dissolving and i t was 
concluded that t h i s p r e c i p i t a t e was mainly sulfur although other products may 
have been formed, before decomposing. 
( i i ) I n CSn solution d 
S^ NH was dissolved i n CSg at -78° and some pyridine added ( s l i g h t excess). 
A solution of dimethyl chloramine i n CS^  at -78° v/as slowly added to the s t i r r e d 
solution. An immediate reaction occurred and a yellow solution was formed. The 
solution was allowed to gradually warm up to room temperature, the yellow 
solution gradually turned red, and a white precipitate v/as also formed. This 
was f i l t e r e d o f f and i d e n t i f i e d as pyridinium hydrochloride. A black s o l i d was 
also formed from the red solution, insoluble i n CSg and dioxane, and only s l i g h t l y 
soluble i n CCl^. A TLC analysis (C Cl^ elutant) showed that S^ NH and sulfur were 
present together with some unidentifiable, insoluble material on the base l i n e , 
and a small quantity of product j u s t o f f the base l i n e . The quantities were, 
however, i n s u f f i c i e n t to warrant further investigation. 
3. Reaction of S...HH with Sulfuryl Chloride 
S^ WH was dissolved i n C Cl^ at -20°, s u l f u r y l chloride slowly added 
( s l i g h t excess) and the solution allowed to warm up slowly to room temperature. 
A yellow precipitate was formed (no gas evolved) and the C Cl^ was evaporated 
y i e l d i n g a small quantity of yellow s o l i d , insoluble i n dioxane. The s o l i d was 
d i f f i c u l t to chromatograph, but i t was concluded that i t was decomposition 
product, probably consisting mainly of sulfur. 
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4. Reaction of S^ ITH with Alkaline Formaldehyde Solution 
S^ NH was reacted with an aqueous solution of excess sodium hydroxide 
and formaldehyde by heating the mixture i n the same way as f o r S^(MH)^. However, 
no c r y s t a l l i n e or easily i d e n t i f i a b l e product was obtained, and i t was concluded 
from the infrared spectrum and the analysis of the residue (nitrogen p r a c t i c a l l y 
absent) that l i t t l e , i f any, of the o r i g i n a l S^ NH had been converted i n t o the 
desired S^ N.CHgOH derivative. 
Elemental sulfur gave similar products under the same conditions so that 
r i n g fragmentation of S7NH probably occurred. 
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(D) Discussion S^(MH)^ 
1. Reactions of S^(im)^ to form (SN.CH^OH)^ 
The reaction of S^(NH)^ with aqueous alkaline formaldehyde solution to 
produce (SN.CH^OH). i s orobablv the most important reaction of t h i s compound* 
I t i s very easy to carry out, and gives high yields of pure product even from 
impure samples of S^(MH)^. The product i s "both a i r and water stable and can be 
used to form many other derivatives. 
The reaction can be summarised: 
S 4(NH) 4 + 4 HCHO NaOH aq ^  (S^.C^OH^ 
Similar derivatives have been described f o r S^NH)^^ - and for S^NH,^^ 
but i n the l a t t e r case, the yields are very low. 
The reaction does not occur i n the absence of a l k a l i so that the OH ion 
must take part i n the reaction being eliminated again on the formation of the 
product. 
The f i r s t stage i n the reaction i s , presumably, the reversible addition 
399 
of hydroxide ion to the carbonyl group of the formaldehyde. (Figure 4*1) 
Figure 4«1 
C = 0 + OH i C / / \ 
H H OH 
The hydroxylalkoxide ion so formed may then attack the nitrogen of the 
imide eliminating OH to form the hydroxymethylene derivative. (Figure 4»<0 
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Figure 4«2 
s H 
C 
H 
HO + H N N 
H TT 11 
+ OH 
The above mechanism implies that there i s hydrogen exchange between 
S^(NHJ^ and OH during the reaction and deuterium l a b e l l i n g of the imide would 
show whether t h i s occurs or not. 
The p a r t i a l l y substituted hydroxymethyl derivatives of S^(NH)^, i . e . 
S^(NH^ n (CHgOH^ (n = 1 to 3)» have not been prepared, and so f a r attempts to 
prepare them only form (SN.CH^OH)^. I f the addition of formaldehyde to S ^ N H ) ^ 
i s stepwise, each nitrogen being substituted separately then t h i s implies that 
'the i n i t i a l substitution i s the slowest step, the subsequent substitutions taking 
place too rapidly f o r any p a r t i a l l y substituted intermediates to be isolated. 
Reactions of S^(NH)^ with other aldehydes, RCHU, to produce derivatives 
of the type: (SW.CH(R)OH,)^, have also so f a r been unsuccessful. Aldehydes 
containing an OC-hydrogen readily undergo aldol additions and condensations i n 
399 
alkaline conditions, and so are unsuitable but those not containing an 
OC -hydrogen: e.g. formaldehyde, benzaldehyde, f u r f u r a l , etc., do not, but 
399 
instead undergo the Cannizzaro reaction:^ e.g. f o r formaldehyde: 
HCHU + NaOHtaoJ H e a t > CH^ OH + HCOONa 
The Cannizzaro reaction i s generally much slower than corresponding aldol 
reactions and therefore i s of only minor importance as a competing reaction. 
The f a i l u r e so far of inducing other aldehydes to react with S^(,NH)^ may 
suggest that both the hydrogens i n formaldehyde are u t i l i s e d i n the reaction 
mechanism, and that the replacement of one by another group w i l l stop the reaction 
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from taking place. A l t e r n a t i v e l y , the reaction may be very much slower with 
other aldehydes so that the Cannizzaro reaction predominates and very l i t t l e 
S^(NH)^ derivative i s produced. 
The compounds (SN.CH(R)OH)^, i f they could be made, would be i n t e r e s t i n g 
since they would open up a whole new range of sulfur-nitrogen r i n g compounds 
with organic substituents. They would probably be a i r and water stable and 
have organic a c t i v i t y . A further point of i n t e r e s t i s that the carbon atoms 
attached to nitrogen are a l l asymmetrically substituted and therefore the 
compounds should exhibit a whole range of optical isomers. 
The structure of (SN.CHgOH)^ has not yet been determined although comparing 
i t with the known structure of S ^ ( N H ) ^ , ^ ' ' ( t h e parent compound), i t should 
consist of an eight inembered puckered r i n g with the -CH^ OH groups attached, one 
g 299 to each nitrogen. I n S.(NH)., the group: ^N-H, i s coplanar, and the methyl 4 4 " 
groups i n S^(NCH^)^ are only 11° out of the SgN p l a n e , d u e to the delocalisation 
of the lone p a i r on nitrogen. This may also be the case f o r (SN.CH^OH)^ with 
the g^N-C- grouping coplanar, although a change i n r i n g conformation to 
accommodate the larger -CH^ OH groups i s also a p o s s i b i l i t y . 
2. Reactions of (SH.CH^OH)^ with Metal Chlorides 
(SN.CH2OH) reacts immediately and apparently q u a n t i t a t i v e l y with respect 
to the sulfur-nitrogen compound with metal chlorides i n i n e r t solvents to produce 
insoluble compounds. No other products are observed, and the compounds themselves 
appear to be quite stable. 
(SK.CHgOH)^ has been reacted with: SnCl^, TiCl^, SbCl^, FeCl^, AlCl^, TaCI,-, 
and also with T10H, forming compounds which are probably representative of a large 
series of (SN.CHgOH)^, metal chloride complexes. The stoichiometry of these 
complexes has not yet been established. This i s p a r t l y because the calculated 
analysis figures f o r the d i f f e r e n t stoichiometries are not s u f f i c i e n t l y d i f f e r e n t 
f o r a d i s t i n c t i o n to be drawn from the observed analysis figures, and also because 
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a condensation reaction with elimination of HC1 i s possible. The compounds are 
therefore probably a mixture of stoichiometries. The infrared spectra of these 
compounds and of (SN.CH^Oh)^ i t s e l f , a l l show some overall s i m i l a r i t i e s , implying 
that a l l have related structures. I t i s therefore probable that the (SN.CHgOH)^ 
molecule remains essentially i n t a c t i n the compounds although the conformation 
of the r i n g may be altered. 
Any further discussion on the structure of these compounds i s speculative 
but based on the above observations and on other sulfur-nitrogen, metal halide 
compounds, there seems to be two main p o s s i b i l i t i e s : 
( a j Electron donation from nitrogen to the metal atom forming a nitrogen-
metal bond. This i s observed i n the wide range of S^ N^ , metal halide compounds 
known, e.g.: S„N,.BP, 1 4 1' 1 4 7 and S .N. ,SbCl 1 5 8 , 1 5 9 , 1 4 7 where the SN r i n g i s 
4 4 3 4 4 5 B 
altered i n conformation but remains i n t a c t and one nitrogen i s bonded d i r e c t l y 
to boron or antimony respectively (see also Chapter 1, Pages 22ff).. S^(NHJ^ forms 
358 
adducts with AlCl^ and AlBr^, i n which the imide r i n g appears to remain i n t a c t , 
the structure probably involving nitrogen donation to the metal. Similar 
structures may also occur i n the (WSCl)^,metal chloride adducts (see l a t e r 
discussion). The negative charge of the oxygen atom i n the hydroxyl dipole may 
cause an electron d r i f t away from the nitrogen lone p a i r thus a f f e c t i n g possible 
bonding. 
(b) Electron donation from the lone pairs on oxygen to the metal atom. 
The lone pairs on nitrogen are considerably delocalised i n t o the SN r i n g i n 
S^(NH)^ and also probably i n (SN.CHgOE)^. They are also s t e r i c a l l y shielded by 
the -CHgOH groups, thus, the lone pairs on oxygen may be more l i k e l y to bond 
with the metal than those on nitrogen, to form metal-oxygen bonds. This i s 
observed i n compounds such as ROH.BF^ , where an alcohol combines with an electron 
399 
pair acceptor, BF,. 
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I n the case of the TiC l ^ and SbCl^ adducts, analyses suggest that n = 3, 
f u l l s ubstitution may be d i f f i c u l t for s t e r i c reasons; however, a great deal 
more work would need to be done on these compounds to determine t h e i r composition 
and structure. 
3. Reactions of (SN.C^OH)^ as a Polyhydric Alcohol 
I n order to prepare derivatives of (SN.CHgOH)^, i t s function as a polyhydric 
alcohol ( i . e . the reactions of the hydroxyl groups) were investigated. 
( i ) Reactions with isocyanates 
399 
Isocyanates undergo a general reaction with alcohols of the type: 
H 0 
RNCO + R'OH >R - N - C - OR' 
and compounds of the type".(SN.CHgOCONHR)^, were expected from the reactions. 
However, no reaction was observed with phenyl, oC-naphthyl and t-b u t y l 
isocyanates. I n the f i r s t two cases the isocyanate simply diuierised to give the 
399 
observed product. 
i . e . 
0 
2 RNCO || 
> C, 
R - N V N - R \ / 
II 
0 
R = phenyl, oC-naphthyl 
( i i ) Reactions with acid chlorides 
399 Acid chlorides undergo general reactions v/ith alcohols to form esters: RC0C1 + R'OH >RC00R' + HC1 
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Reactions of (SN.CHgOH)^ with acetyl chloride and p-nitrobenzoyl chloride, 
64 
to give "ester-type" compounds were reported by Arnold. These reactions were 
repeated and c r y s t a l l i n e products were formed, which were assumed to be the 
desired product although not p o s i t i v e l y i d e n t i f i e d as such. The reactions were 
slow and/or incomplete since (SN.CHgOH)^ did not seem to be p a r t i c u l a r l y reactive 
The reaction with 3 , 5-dinitrobenzoyl chloride was also carried out to give a 
cr y s t a l l i n e s o l i d and, presumably other "ester-type" compounds could also be 
si m i l a r l y prepared. 
( i i i ) Reaction with metallic sodium 
Alcohols react with metallic sodium to form the alkoxide ion, and to 
399 
l i b e r a t e hydrogen: 
i.e . ROH + Na > RO~Na+ + \ H 2 
The alkoxide ion can further react v/ith allcyl halides to give an 
ether: 
e.g. RO~Na+ + R'l > ROR' + Nal 
The reaction of (SW.CHgOH)^ v/ith sodium i n ether at room temperature 
was very slow. I n r e f l u x i n g benzene a reaction took place producing a green 
powder i n v/hich the SN r i n g appeared to be i n t a c t . This indicated that at least 
some of the hydrogen of the -OH groups had been displaced. The route was not, 
however, investigated further f o r tv/o reasons. F i r s t l y , because the formation 
of the "alkoxide" ion appeared to be slow and incomplete, and also because i t s 
reaction v/ith ethyl iodide appeared to cause decomposition rather than "ether" 
formation. 
( i v ) Reactions v/ith phosphorus chlorine compounds 
The reactions of .(SN.CHgOH)^  with the phosphorus acid chlorides (Ph 20) 2 H 
and Pl^PCl also suggest that "ester l i k e " compounds are formed, i n reactions 
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analogous to the reactions with the acid chlorides RC0C1. The products could not 
be p o s i t i v e l y i d e n t i f i e d since the analysis figures were inconclusive, and also 
since the products remained on the base l i n e on a TLG pl a t e , and so could not 
be separated from any impurities. Their infrared spectra however showed 
s i m i l a r i t i e s to (SN.CHgQH)^; the probable absence of an absorption due to the 
-OH groups indicating an "ester" linkage. 
(v) (SH.CH^OH)^ Summary of reactions 
The reactions of (SN.CH^OH)^ show that i t does behave as a polyhydric 
alcohol although to an extent l i m i t e d by the presence of the SN r i n g . P a r t i a l 
s u b s t i t u t i o n may occur with the phosphorus and chlorides, or i n the reaction 
with sodium since the products have not been f u l l y characterised. 
Donor properties from nitrogen or oxygen to a metal atom are probably 
exhibited i n the formation of adducts v/ith metal chlorides. 
The foregoing results indicate that the properties of (SN.CH^OH)^ as an 
alcohol are probably worth' studying f u r t h e r , as a s t a r t i n g material for the 
synthesis of new derivatives. The reactions of (S'N.CHgOH)^  so f a r studied have 
only been of l i m i t e d success so that reactions with new types of reagents (e.g. 
v/ith phosphorus halides or thionyl chloride as a possible route to the halide 
derivative,with sulfonyl chlorides to give the sulfonyl derivative, or with 
\ 399 
Ketene dimer to form the acetoacetic acid derivative;, should be investigated 
i n preference to some of those already studied. 
4. Reactions of S^(NH)^ with Isocyanates 
The reaction of S^(UH)^ with phenyl isocyanate i s reported by Arnold to 
form: (SN.CONH.CgH,.)^ . Organic amines react with isocyanates to form analogous 
.399 derivatives: 
i . e . RNCO + R'NH0 > R - N - C - N - R 1 
2 I II I 
H 0 H 
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64 
This reaction could not be repeated, the only product being impure 
s t a r t i n g material, and s i m i l a r l y using OC-naphthyl isocyanate and S^(NH)^. 
This may throw some doubt on Arnold's work, but i t i s probable that the 
reactions are sensitive to conditions, and that these were not adequately 
d up 1 i G at e d = 
This may also explain the d i f f i c u l t i e s i n preparing other organic 
derivatives of (SN.CHgOH)^. 
5. Reactions of S^(NH)^ with Sulfur 
The thermal decomposition of a l l the sulfur imides (including b^(wH)^J, 
yields S^ N^  as the only sulfur-nitrogen compound. ^ § 4 0 0 ^ g therefore 
i n t e r e s t i n g that the reactions of S^(NH)^ with s u l f u r , ( i n equimolar quantities, 
or with s u l f u r i n excess) at ca. 110°, (55° i n l i q u i d ammonia) y i e l d , not only 
S^ N^  (main product), but also S^ NH i n quantities s u f f i c i e n t f o r i d e n t i f i c a t i o n 
by infrared spectroscopy, and possibly also small amounts of S^^, which 
appeared as a red spot on the TLC plate. The reactions were carried out i n 
an oxygen-free atmosphere, so that (OSNH)^ was not formed. (When (HNS)^ i s 
heated i n an oxygen atmosphere, (OSKHJ^ i s produced). 
The reactions probably involve the fragmentation of both the Sg and S^(NH)^ 
rings, the Sy fragmenting to sulfur chains, and then "picking up" 'NH1 units 
from the imide, before recyclysing to form S^NH. Tetrasulfur t e t r a n i t r i d e , 
(S^N^), (probably formed by the reaction of S Q with S^(NHj^, eliminating HgS) 
222 
can react with more sulfur to y i e l d S^ Ng. No other spots were v i s i b l e on 
the TLC plate (e.g. other sulfur imides). 
The reaction i n l i q u i d ammonia probably also involves the solvent, but 
t h i s has been discussed i n the previous chapter. 
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I t would be of future i n t e r e s t to carry out similar reactions using 
selenium i n place of s u l f u r , as a possible route to produce sulfur-selenium 
322 imides analogous to the compounds S^Se, SgSeg and S^Se^, prepared by Schmidt, 
since these compounds can be prepared by heating mixtures of sulfur a.nd 
selenium. I t ia possible therefore, that by heating mixtures of S^(NH)^ or 
S^ NH and selenium, (S^NH has been shown to behave i n analogous ways to sulfur 
(see discussion)), that mixtures of sulfur-selenium imides could be formed. 
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(E) Discussion S^ NH 
The molecular structure of S„NH i s very similar to that of S Q, the 
i o 
only essential difference being the substitution of one sulfur atom f o r an 
^ NH group. This s i m i l a r i t y i s reflected i n i t s chemical properties, which 
were based on the reactions of the ^ NH group, but i n which S^ NH often behaved 
as s u l f u r . 
1. Properties 
S^ NH i s only weakly absorbed on a chromatography column or TLC plate, 
the Rf values decreasing i n the order: S Q> S^NH> Sg(NH) 2> S ^ . Therefore 
apparently decreasing i n order of increasing nitrogen content. Chromatography 
i s a good method of separating sulfur and S^ NH ( s u l f u r i s the most common 
impurity i n S^NH), and t h i s was demonstrated by the complete and almost 
quantitative chromatographic separation of a known mixture. 
S^ NH can be sublimed under low pressure with l i t t l e decomposition } 
r i n g fragmentation y i e l d i n g s u l f u r under these conditions. 
2. Reactions 
Whereas S^NH)^ gives p r a c t i c a l l y quantitative yields of (SN.CHgOH)^ 
with alkaline formaldehyde solution, the analogous reaction with S^NH yielded 
no detectable quantities of S^ N.CHgOH. (Meuwsen reports an 8% y i e l d from 
t h i s r e a c t i o n ) . T h e s u l f u r containing products were a mixture of s u l f u r -
oxygen anions ( s u l f i t e , t h i o s u l f a t e , etc.) very similar to those obtained from 
the reaction of sulfur with alkaline formaldehyde, and therefore i n t h i s 
reaction, S^ NH i s behaving i n a similar way to sulfu r . 
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S^ NH contains six S-S bonds, whereas S^(NH)^ contains only S-N bonds, 
thus i t appears that the alkaline conditions are such as to cause an S-S bond 
to break, but not an S-N bond. Although the S-S and S-N single bonds are 
about the same strength (63 and 59 K.cal/mole r e s p e c t i v e l y ^ ' 1 ^ ) , more lone 
pair delocalisation can occur from the nitrogen of an 3-N bond making t h i s 
bond the stronger due to p a r t i a l multiple bonding. 
The reaction of S^ NH with dimethyl chloramine was an attempt at the 
following reaction (Figure 4 . 3 ) ! 
Figure 4.3 
S 
I 
N H + Me2NCl 
S 7 NH Dimethyl Chloramine 
I + 
S-N Me, 
II I ' 
N H 
S - N Me, 
N 
CI 
+ HC1 
The desired f i n a l product i s a s u l f u r nitrogen r i n g , substituted at 
su l f u r , as d i s t i n c t from other sulfur imide derivatives, which are substituted 
at nitrogen, 342 
A reaction appeared to occur i n CS^ solution, since the solution became 
yellow, and pyridinium hydrochloride was formed. On warming up to room 
temperature, decomposition to sulfur occurred, and i t i s probable that the 
product i s stable only at low temperatures. The unidentifiable material on 
the TLC plate was probably polymeric, rather than a useful reaction product. 
The reaction of S^ NH with s u l f u r y l chloride was an attempt to form an 
S-Cl bond from S^ NH, from which other derivatives could be made (e.g. using 
epoxides"'1). (Figure 4.4) 
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Figure 4»4 
N - H + S0 oCl Q 
S - CI 
II 
N 
+ HC1 + SOR 
S 7NH 
This reaction would be analogous to the reaction of S^(KH)^ with 
s u l f u r y l chloride to form (NSCl)^, where N-H bonds are exchanged f o r S-Cl 
398 
bonds, although r i n g contraction also occurs i n t h i s case. 
However, i n t h i s case, decomposition occurred, and sulfur was the 
only i d e n t i f i a b l e product. 
TRITHIAZYL TRICHLORIDE/LEV/IS ACID ADDUCTS 
AND THEIR REACTIONS 
CHAPTER 5 
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T r i t h i a z y l Trichloride/Lewis Acid Adducts 
and t h e i r Reactions 
(A) Introduction 
The reactions of t r i t h i a z y l t r i c h l o r i d e , (NSCl),, with Lewis acids 
3 
to form adducts and t h e i r subsequent reactions were studied, as i t was hoped 
to be able to convert the imides discussed i n the previous chapters, i n t o 
compounds containing S-Cl bonds; these studies were therefore carried out 
concurrently with those on S^(NH)^. (NSCl)^ i s a model compound f o r compounds 
containing S-Cl bonds, and so a study of i t s reactions would be of value. 
(NSCl), i s also probably the cheapest pure source of SN and NSC1 fragments, 3 279 
since i t i s easily synthesised from S_N_C10 and s u l f u r y l chloride. I n the 
3 d * 
form of adducts with metal chlorides, i t was found to behave as a pote n t i a l 
source of SN+ v/hich has been found to be an important intermediate i n the 
preparation of other sulfur-nitrogen compounds (e.g. S^N^+, ( t h i s thesis) 
and Padley, 1 4 8 SgN C l 2 + , ( t h i s t h e s i s ) , and R-CNgS*. 51,279,402^ 
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(B) Experimental 
1. Formation of (NSCl),/Lewis Acid Adducts 
The behaviour of (NSCl)^ as a potential source of NS + was investigated 
by reacting 1 i t with variovis Lewis acids (FeCl,, A1G1_, 3bCl c) i n thionyi 
5 3 5 
chloride solution, to form a s e r i e s of adducts. 
( i ) Reaction of (NSC1), with F e d , 3 
T r i t h i a z y l t r i c h l o r i d e , ( N S C l ^ , (0.3463g)» was dissolved i n 10 ml. 
of thionyl chloride i n a round bottomed f l a s k , and f e r r i c chloride (0.2296g) 
was added with s t i r r i n g , (molar r a t i o (NSCl),:FeCl T = 1:1). A bright, brick-
3 3 
red p r e c i p i t a t e was gradually formed over ca. ^ hour, the thionyl chloride 
solution was red and a l l the f e r r i c chloride had dissolved. A second batch 
of FeCl, (0.2296g) was then added, to give a molar r a t i o of (NSCl)..:FeCl, = 
3 3 3 
1:2, and the solution was s t i r r e d . After ca. 2 hours, a rust-brown precipitate 
had been formed, but some FeCl, remained undissolved. A t h i r d batch of FeCl, 
3 3 
was then added and the solution s t i r r e d as before for ca. 12 hours, a f t e r which 
time, the orange precipitate was s t i l l present, together with the molar excess 
of FeCl . Several repeats of t h i s experiment confirmed that a bright-red 
3 
compound i s formed with (NSCl)^ and FeCl^ i n molar r a t i o 1:1, a rust-brown 
i n molar r a t i o 1:2, and that, at room temperature, further FeCl^ does not 
react. On refluxing, the FeCl^ eventually dissolves and S^S C l ^ FeCl^ i s 
f i n a l l y formed (see l a t e r discussions, page 138). 
( i i ) Reaction of (NSC1), with A1C1, 
T r i t h i a z y l t r i c h l o r i d e (0.5849g) was dissolved i n 10 ml. of thionyl 
chloride i n a round bottomed f l a s k and A l C l ^ (0.3189g) added (molar r a t i o l : l ) . 
The mixture was s t i r r e d for ca. ^ hour, during which time the solution became 
deep red and a red precipitate was formed. A l l the A l C l ^ appeared to have 
dissolved. A further batch of A l C l ^ (0.3189g) was then added, to give a molar 
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r a t i o of (NSC1)_:A1C1, = 1:2, and the solution s t i r r e d as before. The red 3 3 
precipitate dissolved, and a yellow-orange precipitate gradually formed, a 
l i t t l e more slowly than the corresponding FeCl, compound. A further batch of 
3 
A l C l j (0.3189g) was then added, to give a molar r a t i o of (NSCl)^:AlCl^ = 1:3, 
but the A l C l ^ remained undissolved a f t e r ca. 12 hours s t i r r i n g , and the 
preci p i t a t e was unchanged. Several repeats of t h i s experiment showed that a 
red compound i s formed with (NSCl)^ and Al C l ^ i n molar r a t i o 1:1, a yellow-
orange compound i n molar r a t i o 1:2, and that further A1C1, does not react at 
3 
room temperature. On refluxing the mixture, s i m i l a r reactions to those of 
FeCl , occur. 3 
( i i i ) Reaction of (NSC1)., with SbCl,. 
T r i t h i a z y l t r i c h l o r i d e , (NSCl)^, (0.8730g) w a s dissolved i n ca. 15 ml. 
of thionyl chloride, and 1 .3 ml. of freshly d i s t i l l e d SbCl^ (molar r a t i o 1:3» 
(NSCl)j:SbCl(.) added v i a a syringe to the vigorously s t i r r e d solution under a 
back pressure of nitrogen over a period of several minutes. An immediate 
reaction took place on mixing the two l i q u i d s , a dense yellow-green precipitate 
was immediately formed, and the reaction was noticeably exothermic. A l l the 
SbCl(- appeared to react with the (NSCl)^ i n solution. After s t i r r i n g for 
ca. 6 hours the precipitate became yellow but otherwise remained unchanged. 
Several repeats of t h i s experiment showed that a yellow, sparingly soluble 
precipitate i s formed when (NSCl)^ and SbCl^ are mixed i n thionyl chloride. 
This compound i s probably the 1:3 adduct, which was probably formed v i a the 
1:1 and 1:2 adducts as for PeCl^ and AlCl^. These antimony adducts were not 
ind i v i d u a l l y isolated because the three adducts of antimony (v) chloride: 
(NSCl)y x SbCl^ (x = 1,2 or 3), have already been d e s c r i b e d . 2 8 ^ 
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( i v ) Reaction of (NSClj,. 2 FeCl, adduct with (NSCl), 
The (NSCl)^, 2 FeCl^ adduct was prepared i n thionyl chloride as before, 
and a molar equivalent of (NSCl)^ added to the solution with s t i r r i n g , to give 
an overall molar r a t i o of (NSCl),:FeCl, of 1:1. A bright brick-red precipitate 
was gradually formed over ca. •§• hour which appeared to be i d e n t i c a l with the 
1:1 adduct previously described. I t also reacted with S„N, to y i e l d S^ N_ FeCl.. 
4 4 " 5 5 4 
(See Chapter 6 ) . 
(v) Reaction of (NSCl),. 2 A1C1, adduct with (NSCl)., 
The (NSCl)j, 2 A l C l ^ adduct was prepared i n thionyl chloride as before, 
and a molar equivalent of (NSC])^ added to the solution, i n a s i m i l a r way to 
F e C l j (aboveJ. A red precipitate was gradually formed over ca. hour, which 
appeared to be i d e n t i c a l with the 1:1 adduct previously described. The 1:2 
adduct reacts ( l i k e the 1:1 adductJ with S^N^ to y i e l d S^N^ AlCl^. (See 
Chapter 6 ) . 
( v i ) E f f e c t of heat on the adducts i n solution 
The (NSCl)^, F e C l j adduct ( l : l ) was prepared as before, and the 
solution heated to reflux. The brick-red adduct dissolved, and aft e r being 
allowed to cool slowly, large bright-red needle-like c r y s t a l s appeared, which 
underwent the same reactions as the ori g i n a l adduct, and were therefore 
presumably the r e c r y s t a l l i s e d adduct. The (NSCl)^, A l C l ^ adduct behaved 
s i m i l a r l y , to give large yellow c r y s t a l s . The 1:2 adducts were also r e c r y s t a l l i s e d 
i n the same way, to y i e l d large needle-like c r y s t a l s : (NSCl)_, 2 FeCl, ( r u s t -
brown) and (NSCl)^, 2 Al C l ^ (yellow-orange). 
( v i i ) Attempted i s o l a t i o n of the adducts 
Attempts were made to i s o l a t e the pure adducts to determine t h e i r 
structure from spectra and an a l y s i s . The adducts were f i l t e r e d from thionyl 
chloride using a sintered d i s c , the f i n a l traces of thionyl chloride were 
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removed by pumping dry i n vacuo. During t h i s procedure, both the iron and the 
aluminium adducts darkened noticeably, indicating some decomposition. The dry 
adducts were then transferred to a dry box for analysis, but any further 
attempt to i s o l a t e them, or to obtain spectra, resulted i n complete decomposition, 
and no further useful data was obtained. I t was therefore concluded that a l l 
the adducts are extremely moisture sensitive and that thionyl chloride helps 
to s t a b i l i s e them. A l l the adducts are i n d e f i n i t e l y stable at room temperature 
under thionyl chloride. 
( v i i i ) Attempted preparation of the adducts i n other solvents 
Equimolar quantities of (NSCl)^ and A l C l ^ were dissolved i n separate 
solutions of dry CCl^,(both are soluble i n th i s solventJ, and the solutions 
were mixed under dry conditions, i n an attempt to prepare the (NSClJ^, A l C l ^ 
adduct. However, on mixing, a black t a r r y residue was immediately formed 
which was too viscous to give any s a t i s f a c t o r y analysis but which was obviously 
a decomposition product. A repeat reaction gave the same r e s u l t , as did a 
sim i l a r reaction using dry benzene as the solvent. 
The reaction was also carried out, using l i q u i d SO,, as the solvent: 
(NSCi;^ (1.3935g) was p a r t i a l l y dissolved i n ca. 50 ml. of l i q u i d SOg. 
((NSCl)^ was found to be f a i r l y soluble i n l i q u i d SO,, and more soluble at -23°C 
than at -78°C, since some c r y s t a l l i s e d out on cooling). *'eClj (0.6l6lg) was 
then added i n one batch ^molar r a t i o 1:1) to minimise the amount of moisture 
introduced. The solution became very dark, as most of the Jb'eCl^  appeared to 
dissolve, but i t was d i f f i c u l t to see whether any precipitate had been formed. 
The solution was s t i r r e d at -23°C for ca. 1 hour; but the solution 
remained dark, and the c h a r a c t e r i s t i c bright-red colour of the 1:1 adduct was 
not formed. Some reaction may have occurred, although on pumping off the 
solvent, mostly s t a r t i n g materials remained. Sulfur dioxide i s therefore not 
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such a good solvent as thionyl chloride for the formation of these adducts. 
( i x ) Reaction of (NSCl)^ with SnCl^ i n C C l ^ 
T r i t h i a z y l t r i c h l o r i d e (NSCl)^ (l.0771g) was dissolved i n ca. 50 ml. of 
dry C C l ^ w i t h s t i r r i n g , and a solution of freshly d i s t i l l e d SnCl^ i n dry UCl^, 
(0.7731 ml* SnCl^ i n ca. 20 ml. C Cl^) added slowly v i a a syringe. (Molar 
r a t i o (NSCl)^:SnCl^ = 1:1.5). An immediate reaction occurred, although not 
noticeably exothermic, and an orange precipitate formed, which remained 
unchanged throughout the addition of the SnCl^. The solution was s t i r r e d for 
a further ten minutes, the p r e c i p i t a t e darkening s l i g h t l y during t h i s time. 
The precipitate formed i s probably an (NSCl)^, SnCl^ adduct, which i s 
i n t e r e s t i n g since both the corresponding A1C1, and FeCl, adducts appear to be 
3 3 
unstable i n C C l ^ (see experiment ( v i i i ) ) . The (NSCl)^, SnCl^ adduct may 
therefore have a structure different from the other adducts (e.g. the SnCl^ 
can form the SnCl/- anion, and could therefore be co-ordinated to two (NSCl), 
6 3 
molecules v i a a six-co-ordinated t i n atom instead of only one, as i s probably 
the case with the other adducts). 
(x) Reaction of (NSCl), with BC1, gas 
(NSCl).. ( l . l l l g ) was dissolved i n ca. 50 ml. of thionyl chloride i n a 
3 
round bottomed f l a s k f i t t e d with a s t i r r e r , a reflux condenser and a gas i n l e t 
and outlet. BCl^ gas, from a cylinder was diluted with dry nitrogen and passed 
into the s t i r r e d solution. 
The BC1, gas appeared to dissolve since no BC1 T was evolved from the 3 3 
gas outlet (BCl^ rapidly fumes i n moist a i r ) and the solution changed from 
l i g h t red to dark red. The BC1, was passed u n t i l the solution was saturated 
3 
with the gas, and BCl^ was being evolved at the gas outlet. The solution was 
dark red i n colour but no prec i p i t a t e formed. I t was probable however that the 
product was an adduct, soluble i n thionyl chloride. 
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( x i ) Reactions of (NSCl), with metal chlorides i n I t 3 molar r a t i o 
(a) With FeCl, 
(NSCl)^ (l . 03g) and FeCl^ (2.0493g) ( l : 3 stoichiometric r a t i o ) were 
dissolved i n £a. 100 ml. of thionyl chloride and the mixture refluxed, (78~C). 
After £a. 2 hours the solution was cooled and rust-brown c r y s t a l s were 
precipitated; however, unreacted f e r r i c chloride was also present, so 
presumably only the 1:2 adduct had been formed. The solution was therefore 
refluxed for a further 6 hours and then cooled. Yellow, needle-like c r y s t a l s 
were formed, and the f e r r i c chloride previously present appeared to have 
reacted. The solution was f i l t e r e d cold and the a i r s e n s i t i v e c r y s t a l s (long, 
dark yellow needles) were pumped dry of solvent. The f i l t e r e d solution was 
dark brown, but no f e r r i c chloride could be seen mixed with the c r y s t a l s . An 
infrared spectrum showed the product to be SgNClg FeCl^ (see pagel39 ) , rather 
than the 1:3 adduct. 
(b) With A1C1, 
T r i t h i a z y l t r i c h l o r i d e (NSCl), (0.9867g) and A1C1- (l .6 l39g) (molar 
3 J 
r a t i o 1:3) were dissolved together i n ca. 50 ml. of thionyl chloride, and 
s t i r r e d at room temperature for about 12 hours to form the 1:2 adduct, (orange 
powder). The solution was then refluxed for about 6 hours, and allowed to cool 
slowly to -10°C. Yellow/green needle-like c r y s t a l s were formed. These were 
f i l t e r e d off and pumped dry i n vacuo. The f i l t e r e d solution was very dark 
i n colour. 
The green colouration was only a surface e f f e c t since the c r y s t a l s were 
yellow when powdered. The compound was i d e n t i f i e d as SgNClg A l C l ^ , from i t s 
infrared spectrum. (See page 141 and Appendix).. 
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2. Reactions of the (NSCl),/Lewis Acid Adducts 
( i ) Reactions with SCl^ 
Glemser has reported the cation S 2NC1 2 + 289,291,403 a g a p r o d u c t of 
various reactions (see discussion, page 157 ) «±™l t h i s cation could also be 
formed by the addition of SN + to SCI,,, the (NSCl)^/Lewis acid adducts being 
used as a potential source of NS+. 
(a) (NSCl),, FeCl, adduct ( S C l ^ + (NSCl),. 2 FeCl, + FeCl,) 
(NSCl)j (l .6832g) was dissolved i n ca. 50 ml. of thionyl chloride, FeCl^ 
(3»3492g) added (molar r a t i o 1:3) and the mixture s t i r r e d for about 12 hours 
to form the 1:2 adduct as before. Sulfur dichloride (SCI ) (1.4 ml* molar 
r a t i o 1:3>6» s l i g h t excess of SClg to ensure complete reaction), was then 
added v i a a syringe to the vigorously s t i r r e d solution over a period of about 
one minute. There was no immediate colour change on adding the SClg, but an 
orange precipitate gradually formed a f t e r about two minutes. After p r e c i p i t a t i o n 
was complete (ca. 1 hour), the solution was f i l t e r e d under reduced pressure 
through a sintered d i s c , and the precipitate pumped dry i n vacuo, to y i e l d a 
yellow powder. This was r e c r y s t a l l i s e d from thionyl chloride, the product 
being moderately soluble i n the solvent, to give yellow needle-like c r y s t a l s , 
which were f i l t e r e d and pumped dry. Infrared spectrum (nujol mull): 
1130 (m), 735 ( s h ) , 721 (m), 704 ( s h ) , 654 ( s ) , 645 ( s h ) , 517 ( s ) , 505 ( s ) , 
494 ( s ) cm"1. Y i e l d : 80% pure product. 
The infrared spectrum was i d e n t i c a l to that of the i n i t i a l yellow 
powder. 
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Analysis: 
Observed % S„NC1„ FeCl^ requires % 
S = 18.37 S = 18.50 
N = 4.17 N = 4.04 
CI = 61.89 CI = 61.36 
Fe = 15.57 Fe = 16.11 
(by difference) 
UV spectrum: (solvent cone. H^SO^): X max. nm. 378, ca. 220. The 
absorption at £a. 220 nm. was d i f f i c u l t to locate accurately due to low 
s o l u b i l i t y and slow decomposition. 
(b) (NSCl),. A l C l , adduct ( S C U + (NSCl),, 2 A1C1, + A1C1,) 
(NSCl)^ (0.7939g) was dissolved i n ca. 100 ml. of thionyl chloride, 
A l C l j (l .2986g) was added, (molar r a t i o =1:3) and the solution s t i r r e d for 
ca. \ hour, u n t i l the adduct was formed, ( i n t h i s instance there was no 
preci p i t a t e , since the adduct dissolved completely i n the thionyl chloride). 
S C l n (0.7 ml.) (molar r a t i o 1:1.2 with A1C1,, s l i g h t excess to ensure complete 
reaction) was added to the s t i r r e d solution. An immediate reaction occurred, 
the solution became a very dark yellow colour, almost black. The solution 
was s t i r r e d for about % hour, during which time an orange p r e c i p i t a t e gradually 
formed, the solution being l i g h t yellow i n colour. The p r e c i p i t a t e was 
r e c r y s t a l l i s e d without f i l t e r i n g , by heating the mixture to reflux temperature 
(78°C) and then allowing to cool slowly to -10°C. Bright yellow, needle-like 
c r y s t a l s were formed. These were f i l t e r e d off and pumped dry i n vacuo. Weight 
of r e c r y s t a l l i s e d product = 2.4874g = 80.496 y i e l d . Infrared spectrum (nujol 
mull): 1136 (m), 738 ( s h ) , 721 (m), 658 ( s ) , 649 ( s h ) , 524 ( s ) , 510 ( s ) , 
496 ( s ) , 481 ( s ) cm"1. (Absorptions at ca. 490 cm - 1, due to A1C1~ ^ ) . 
(The infrared spectrum i s s i m i l a r to that of S^SCl^ FeCl^ which shows that 
the same SgNClg"*" species i s present). 
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UV (solvent cone. HgSO^): X max. nm. 374» 206. (The compound 
dissolved slowly, and also decomposed, therefore accurate molar extinction 
c o e f f i c i e n t s could not be determined). (See Appendix for IR and UV spectra). 
Y i e l d = 85?o pure product. 
Analysis: 
Observed % SJVCl^ A l C l ^ requires % 
S = 20.55 S = 20.17 
N = 4.37 N = 4.41 
CI = 66.80 CI = 66.93 
Al = 8.37 Al = 8.49 
Total = 100.09 % Total = 100.00 % 
( c ) SCU+ (NSCl),, nBCl, adduct 
T r i t h i a z y l t r i c h l o r i d e (NSCl)^ (0.7510g) was dissolved i n about 50 ml. 
of thionyl chloride, and BC1, gas diluted with dry nitrogen was bubbled through 
3 
the solution u n t i l i t was saturated with the gas. The colour of the solution 
changed slowly from yellow to red during t h i s period, showing that a reaction 
had probably occurred. There was no precipitate but t h i s was probably because 
the adduct formed i s soluble i n thionyl chloride. About 0.6 ml. of SClg was 
then added to the solution ( s l i g h t excess) as before, and the solution became 
li g h t e r , showing that a reaction was again occurring. A yellow precipitate 
gradually formed over a period of about 10 minutes, and th i s was f i l t e r e d off 
under reduced pressure. However, on pumping the precipitate dry, the yellow 
compound darkened, and a gas (presumably BCl^) was evolved, indicating 
decomposition. I t was therefore not possible to obtain any sa t i s f a c t o r y physical 
data on the compound. The compound also appeared to decompose, presumably again 
with evolution of BCl^, when heated i n thionyl chloride solution to attempt a 
r e c r y s t a l l i s a t i o n . This experiment was repeated with the same r e s u l t s . 
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A lower temperature may therefore he required for the preparation to avoid 
decomposition and evolution of BC1,. 
T r i t h i a z y l t r i c h l o r i d e (NSCl)^ (l .3508g) was dissolved i n ca. 100 ml. 
of thionyl chloride and SbCl^ (0.9 ml, s l i g h t excess) was added from a 
graduated syringe, slowly with s t i r r i n g . The yellow adduct precipitated out 
immediately on mixing the two reagents. The mixture was s t i r r e d for a further 
•g hour, and then S C ^ ( l . l ml.) was added while s t i r r i n g vigorously. A rapid 
reaction occurred, and a yellowish s o l i d was formed (the thionyl chloride 
solution was dark red). The mixture was s t i r r e d for about hour,, heated to 
reflux temperature, and then allowed to cool to -10°C. A yellow/green powder 
was formed, the thionyl chloride solution being very dark i n colour. The 
precipitate was f i l t e r e d off,.and pumped dry i n vacuo, to y i e l d a bright 
yellow, microcrystalline powder. Y i e l d : about 80%. UV spectrum (solvent: 
cone, s u l f u r i c a c i d ) : X max. nm. 374» 205. (The compound dissolves slowly 
with decomposition, therefore the molar extinction c o e f f i c i e n t s could not be 
determined). Infrared spectrum (nujol mull): 1130 (m), 735 ( s h ) , 721 (m), 
654 ( s ) , 521 ( s ) , 520 ( s ) , 494 ( s ) cm - 1. (Spectrum very s i m i l a r to analogous 
FeCl- and A1C1, compounds). Y i e l d = 85% pure product. 
(d) SC1 2 + (NSCl) , 5 SbCl 
Analysis: 
Found % SJJCl^ SbCl^ requires % 
S 13.00 S 13.26 
N 3.11 N 2.90 
CI 57.46 CI 58.66 
Sb = 26.43 
(by difference) 
Sb 25.18 
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( i i ) Reactions with C C I , SCI 
The reactions (NSCl), + Lewis acid + C C I , SCI were studied i n an 
3 3 
attempt to prepare a reagent which could then be used to introduce carbon 
into a sulfur-nitrogen cation, (e.g. SgNgCR"*"). 5 1 , 2 7 9 , 4 0 2 
(a) (NSCl),, FeCl, adduct 
T r i t h i a z y l t r i c h l o r i d e (NSCl)^ (l .96 l9g) was dissolved i n ca. 100 ml. 
of thionyl chloride, FeCl^ (3»9037g) added, (molar r a t i o 1:3) and the mixture 
s t i r r e d for ca. 2 hours to form the adduct. Trichloromethyl sulfenyl chloride 
( C C l j S C l ) was then added to the vigorously s t i r r e d solution over ca. 1 minute 
(molar r a t i o FeClj:C C l ^ SCI = l : l ) . The solution turned a dichroic red/green-
blue colour immediately, showing that a reaction had taken place, and the 
solution was s t i r r e d vigorously for ca. 2 hours. A brownish precipitate 
eventually appeared, although the solution was s t i l l red/green-blue dichroic 
i n colour. The solution was heated to ca. 50°C, and allowed to cool slowly 
to -10°C. Needle-like orange c r y s t a l s , together with some brownish powder, 
were formed. These were f i l t e r e d off and pumped dry i n vacuo. The c r y s t a l s 
were separated from the powder by hand i n a dry box, and r e c r y s t a l l i s e d twice 
from thionyl chloride, to y i e l d small orange needle-like c r y s t a l s . The powder 
could not be r e c r y s t a l l i s e d and would not e a s i l y mull, and so was not 
investigated further. 
Infrared spectrum of c r y s t a l l i n e product (nujol mull): 
1493 (m), 1409 (m), 1010 (m), 975 ( s h ) , 971 ( s ) , 940 ( s ) , 787 ( s h ) , 
758 ( s h ) , 741 (m), 714 ( s ) , 575 (m), 568 ( s h ) , 463 (m), 447 (w), 
422 (m,b) cm - 1. 
(Spectrum s i m i l a r to that of S,N_C1+ s a l t s ) . 
3 2 
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Analysis: 
Found % S,N2C1 FeCl^ requires % 
s = 24.0 s = 26.92 
N = 7.28 N = 7.84 
CI = 48.8 CI = 49.6I 
UV spectrum (solvent: cone, s u l f u r i c acid) X max nm: 363, 280 ( s h ) , 
230 ( c f . UV spectrum of S^NgCl^ recorded i n Appendix). 
(b) (NSCl).,, A1C1., adduct 
(NSCl)^ (2.4026g) and A l C l ^ (3-9299g) (molar r a t i o 1:3) were dissolved 
i n ca. 100 ml. of thionyl chloride and s t i r r e d f o r ca. 12 hours to form the 
1:2 adduct. Trichloromethyl sulfenyl chloride ( C C l , S C l ) (3.2 ml) was then 
3 
added to the vigorously s t i r r e d solution (molar r a t i o A1C1^:C C l ^ SCI = l : l ) . 
An immediate reaction occurred, the solution turning red/green-blue dichroic 
as previously observed. The mixture was vigorously s t i r r e d for ca. 12 hours, 
the solution eventually becoming orange i n colour, but there was no pr e c i p i t a t 
The solution was reduced to ca. bulk by d i s t i l l i n g off some thionyl chloride 
and then allowed to cool to -10°C. Yellow-orange c r y s t a l s appeared together 
with some brown coloured powder, and t h i s was f i l t e r e d off, pumped dry and 
r e c r y s t a l l i s e d from thionyl chloride to remove the brown powder and to y i e l d 
fine yellow needle-like c r y s t a l s . 
Infrared spectrum (nujol mull): 
1520 (w), 1430 (w), 1140 (m), 1000 (m), 943 ( s ) , 787 (vw), 769 (m), 
746 ( s ) , 730 (vw), 719 ( s ) , 697 (w), 658 (m), 621 (m), 577 (m), 
520 to 450 (vs,vb) 424 (sb) cm"1. 
-145-
(Similar to that of the FeCl" s a l t , and also to SJf-Cl 4" s a l t s , since 
4 5 i 
the c h a r a c t e r i s t i c S^NgCl"4" absorptions are at: 
940 ( v s ) , 741 ( s ) , 717 ( s ) , 574 ( s ) , 464 ( s ) and 418 (b,s) cm"1.) 
Analysis * 
Found % S-JLC1 A l C l ^ requires % 
S = 26.62 S = 29.28 
N = 9.26 N = 8.53 
CI = 55.11 CI = 53.97 
UV spectrum (solvent: cone, s u l f u r i c a c i d ) : \ max. nm: 364» c a « 280 (sh) 
ca. 235. (Spectrum d i f f i c u l t to obtain, due to sparing s o l u b i l i t y and slow 
decomposition). 
( c ) (NSC1L, SbCU adduct 
(NSCl)^ (l .3306g) was dissolved i n ca. 50 ml. of thionyl chloride and 
SbCl^ (2 ml.) added slowly to the s t i r r e d solution to form the adduct. After 
s t i r r i n g for ca. 1 hour, C C l ^ S C l (1.78 ml) was added slowly to the vigorously 
s t i r r e d mixture. An immediate reaction occurred, the solution becoming noticeably 
warmer, and the colour changing immediately to red/green-blue dichroic. A 
greenish precipitate gradually appeared (the solution remained dark i n colour) 
and, a f t e r s t i r r i n g for ca. 24 hours with no further apparent reaction, the 
precipitate was f i l t e r e d off and p u r i f i e d by solvent extraction with thionyl 
chloride, since i t was not very soluble i n the solvent. (A dark brown precipitate 
was not observed i n t h i s case, although i t was observed i n the case of the FeCl^ 
and A l C l j adducts). Yellow needle-like c r y s t a l s were formed, which were f i l t e r e d 
and pumped dry i n vacuo. 
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IR (same as crude product) (nujol mull): 
930 ( s ) , 763 (m), 741 (m), 719 (m), 714 (m), 691 ( s h ) , 654 (w), 
568 ( s ) , 521 ( s , b ) , 495 (m), 468 ( s ) , 435 ( s , b ) , 420 (s,b) cm"1 
(Similar to S ^ C l ^ s a l t s ) . 
Analysis: 
Found % S„NC1 2 + SbCl^" requires % 
s = 13.25 s = 13.26 
N = 4.02 N = 2.90 
CI = 58.84 CI = 58.66 
Sb = 23.89 Sb = 25.18 
(by difference) 
UV spectrum (solvent cone, s u l f u r i c acid) X max. run: 363.5» ca. 235 
(compound only sparingly soluble). 
( i i i ) Reactions with elemental sulf u r 
I n order to further study the reactions of the (NSCl) /metal chloride 
3 
adducts, t h e i r reactions with elemental sulf u r were investigated i n an attempt 
2+ 
to prepare the new cation: S,N„ by the reaction: 
3 
e.g. § (NSCl).. + 2 MCI, + 2S » S 3N_ 2 + 2 MCI." 
3 3 3 4 
2+ 
The cation S^Ng would be a member of the "electron r i c h aromatic" s e r i e s of 
sulfur-nitrogen compounds, having 6 7\ e l e c t r o n s . 1 ^ (See also l a t e r discussions 
on page 193 ) . 
(a) (NSCl),, FeCl, adduct 
(NSCl)^ (l .501g) was mixed with FeCl^ (2.9867g) ( l : 3 molar r a t i o ) i n 
ca. 50 ml. of thionyl chloride to form the adduct. The mixture was refluxed, 
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(78°C) and elemental sulfu r (l .7709g) added to the refluxing mixture. 
An immediate reaction occurred, and the colour of the solution 
changed from the rust brovrn adduct, to red/green-blue dichroic. The mixture 
was s t i r r e d at reflux temperature for ca. -J hour, and then allowed to cool 
slowly to -10°C. Orange c r y s t a l s and some dark brown powder were formed, the 
solution being dark red i n colour. The precipitate was f i l t e r e d off, the 
orange c r y s t a l s separated from the powder by hand i n the dry box, and 
r e c r y s t a l l i s e d twice to give orange, needle-shaped c r y s t a l s ; the overall 
y i e l d was small. The powder could not be r e c r y s t a l l i s e d , and was not 
investigated further. 
IR (nujol mull): 
1136 (m), 1042 (vw), 1010 (w), 971 (w), 938 ( s ) , 758 ( s h ) , 741 ( s ) , 
717 ( s ) , 654 ( s ) , 649 W , 647 ( s h ) , 575 ( s ) , 517 ( s ) , 504 ( s ) , 
494 ( s ) , 464 ( s ) , 423 (s,b) cm"1. 
(Corresponding to a mixture of S^NgCl and SgNClg s a l t s ) . 
( i v ) Reactions with elemental Selenium 
Following on from the reactions of the (NSCl),/metal chloride adducts 
3 
with elemental sulfur (Section ( i i i ) ) , i t was thought probable that some of the 
elemental sulfur was ending up i n the reaction products, so that the corresponding 
reactions using elemental selenium were studied, i n an attempt to prepare 
selenium analogues of S ^ C l * and S^SCl^ s a l t s . 
( a) (NSCl),, FeCl., adduct 
(NSCl), (l .5657g) and FeCl, (l .5577g) were s t i r r e d i n ca. 50 ml. of 
3 3 
thionyl chloride to form the adduct. The mixture was then heated to ca. 60°C, 
and elemental selenium (grey allotrope) (0.7583g) was then added quickly to the 
mixture. (There was no apparent reaction at room temperature). An immediate 
reaction occurred, the solution changed from a bright red to a very dark colour, 
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and the s t i r r i n g was continued with cooling to room temperature for ca. ^ hour, 
during which time a greenish precipitate was gradually formed. The solution 
was then heated again to reflux temperature (76°C) and allowed to cool slowly 
without s t i r r i n g to -10°C, i n order to r e c r y s t a l l i s e the product. Yellow 
p i a t e - i i k e c r y s t a l s were formed, (solution was orange/red), and these were 
r e c r y s t a l l i s e d from fresh thionyl chloride. A flame t e s t suggested that only 
traces of selenium were present i n the compound. 
IR spectrum (nujol mull): 
II63 (vw), 1010 (vw), 935 ( v s ) , 913 ( s h ) , 758 ( s h ) , 741 ( s ) , 
715 ( s ) , 575 ( s ) , 463 ( s ) , 422 (s,b) cm"1. 
( i d e n t i c a l spectrum to S,N_C1 FeCl,). 
3 4 
Analysis: 
Found % S,N^C1 FeCl^ requires % 
S = 24.5 
N = 8.06 
CI = 49.0 
Fe = 18.44 
(by difference) 
S 
N 
CI = 
Fe = 
26.92 
7.84 
49.61 
15.63 
(v) Reactions with d i s u l f u r dichloride 
Following on from the reactions of (NSCl)^/metal chloride adducts 
with SC1 2, to form S 2NC1 2 + s a l t s , the reaction of SgClg with these adducts was 
studied i n an attempt to produce the analogous S^NClg s a l t s . 
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(a) (NSC1).., A1C1, adduct 
(NSCl) (l.Og) and A1C1 (l.62g) were mixed i n ca. 50 ml. of thionyl 3 3 
chloride to form the adduct and 1.0 ml. of SgClg was added to the s t i r r e d 
mixture, as for SCl^. An immediate reaction occurred and the solution became 
very dark i n colour. S t i r r i n g was continued for ca. -g hour and a yellow 
precipitate gradually formed, which was f i l t e r e d off and pumped dry i n vacuo 
to y i e l d a yellow powder which was very moisture s e n s i t i v e , but stable i n a dry 
atmosphere. 
IR (nujol mullJ: 
1163 (vw), 1136 (w), 1117 ( s h ) , 1058 (vw), 1031 ( s h ) , 1020 (m), 
735 ( s h ) , 719 (m), 655 ( s j , 619 (w), ca. 530-440 (s,vb) cm"1. 
(Probably a mixture of SgNClg A l C l ^ and some S^NgCl A l C l ^ ) . 
(Absorptions at ca. 530-440 cm \ due to the A l C l ^ " i o n . ^ ^ ) . 
( v i j Reactions with diselenium dichloride 
Having investigated the reaction between (NSCl)^/metal chloride adducts 
and SgClg, the analogous reaction with Se^Cl^ was studied i n an attempt to 
prepare selenium analogues of the corresponding sulfu r compounds. 
(a) (NSC1)_, A1C1, adduct 
(NSC1)_ (l.Og) and A1C1, (1.64g) were mixed i n ca. 50 ml. of thionyl 5 3 — 
chloride to form the adduct, and 1.1 ml. of SegClg added to the s t i r r e d solution. 
An immediate reaction occurred, the solution became, very dark i n colour, and an 
orange pre c i p i t a t e gradually formed over ca. •§? hour. This was f i l t e r e d off and 
pumped dry i n vacuo, to give an orange powder. Attempts to r e c r y s t a l l i s e the 
product from thionyl chloride were unsatisfactory, since i t was only sparingly 
soluble i n the solvent, and heating the solution appeared to cause some 
decomposition. The product was moisture s e n s i t i v e , but was stable i n a dry 
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atmosphere. A flame test showed the presence of selenium i n more than trace 
amounts. 
IR spectrum (nujol mull): 
1274 (vs.h). 1111 (w). 1042 (ah), 952 (m,b), 847 ( v ) , 820 (w), 
722 ( s , b ) , 617 (m), ca. 520-440 (s,vb) cm"1. (See Appendix) 
The spectrum appeared to be different from other sulfur-nitrogen 
compounds, and the compound i t s e l f probably contained selenium, although the 
analyses were unsatisfactory. 
Analyses* 
Found % 
S = 4.4 
N = 6.7 
CI = 59.2 
SSe N G l g + A l C l ^ " requires % 
S = 8.79 
H = 3.84 
CI = 58.32 
A mixture of sulfur-nitrogen selenium compounds i s probable. 
( v i i ) Reactions of (NSCl)^/metal chloride adducts with S 
The reactions of (NSCl)^ adducts with S^N^ lead to the formation of 
S(.N(-+ s a l t s . The synthesis, properties, reactions and structure of these s a l t s 
occupied a large section of the research work, and so i s dealt with i n depth 
i n the following chapter. The reactions involved may be summarised: 
S0C1 
( i ) (NSCl) 5 + 3 MC15 + ^> MCl^" 
(M = Fe, Al) 
S0Cl r ( i i ) (NSCl) + 3 S b C l 5 + ^ S^" 1" SbClg" 
A l l reactions proceed i n two stages v i a the adduct, as for the other 
(NSCl)^/Lewis acid adduct reactions. 
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( v i i i ) Direct preparation of S,N^C1+ s a l t s 
Since many of the compounds prepared i n these and other reactions 
appeared to be S^ NgCl"*" s a l t s (as determined by IR, UV and v i s i b l e spectra, and 
by a n a l y s i s ) , the corresponding S^NgCl"1" s a l t s were prepared by the d i r e c t 
reaction of S^NgClg with a chloride ion acceptor i n thionyl chloride. The 
products were compared with the compounds prepared by other reactions. 
The SjNgCl and metal chloride (chloride ion acceptor) were mixed i n a 
1:1 molar r a t i o i n thionyl chloride, s t i r r e d for about 6 hours, heated to reflux 
and then allowed to cool slowly to -10°C, during which time the product 
c r y s t a l l i s e d out. The c r y s t a l s were f i l t e r e d , r e c r y s t a l l i s e d from thionyl 
chloride and pumped dry i n vacuo. I n the case of SbCl^, the reaction occurred 
immediately on mixing, to give an insoluble yellow powder. 
The following compounds were prepared: 
S j N 2 C l + A1C1^~ : Orange needles. 
S^N^Cl* FeCl^ : Dark orange needles. 
S^N 2C1 + SbClg - : Insoluble yellow powder. 
A l l three compounds appeared to be stable to thionyl chloride. Analysis 
of the compounds were i n agreement with t h e i r formulation. The infrared spectra 
of a l l the compounds showed the presence of the same (S^NgCl*) cation, and the 
infrared spectrum was one of the main means of identifying these compounds. 
IR spectrum (nujol mull) (FeCl^~ s a l t ) : 
2200 (w), 1667 (b,vw), 1412 (w), 1300 (w), 1266 (w), II63 (w), 1053 (m), 
1010 (w), 995 (m), 940 ( v s ) , 893 (vw), 787 (w), 758 (m), 741 ( s ) , 
717 ( s ) , 615 (b,w), 574 ( s ) , 515 (m), 464 ( s ) , 418 (b,s) cm"1. 
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( i x ) Direct preparation of S^N^+ s a l t s 
The A1C1. , FeCl. and SbCl,~* s a l t s of S.N, were also s i m i l a r l y 4 4 6 4 3 
prepared by mixing S^N^Cl with the corresponding metal chloride in 1:1 molar 
+ 
r a t i o i n thionyl chloride as solvent,- i n order to identify any S^N^ s a l t s 
which may be formed as reaction products. A l l three compounds were yellow 
s o l i d s . 
Infrared spectrum: (S^N^* cation): 
1400 (w), 1160 ( s ) , 1125 ( s h ) , 998 ( v s ) , 682 ( s ) , 637 (w), 606 (w) f 
565 ( s ) , 466' ( v s ) , 450 (sh) cm - 1. 
The infrared spectrum of the S^N^+ cation, shows a marked s u s c e p t i b i l i t y 
405 
to d i s t o r t i o n by the Christiansen e f f e c t . 
S^N^Cl was also reacted with the metal chlorides: CoCl^, ZnC^ and 
HgCl 2. 
S^N^Cl and the metal chloride were mixed together i n thionyl chloride 
in the correct stoichiometric r a t i o s and s t i r r e d at room temperature for ca. 
6 hours. The products were f i l t e r e d and pumped dry i n vacuo. Their infrared 
spectra showed the c h a r a c t e r i s t i c absorptions of the S^N^+ cation, with s l i g h t 
s h i f t s due to the change in anion. The analyses were inconclusive, possibly 
due to incomplete reaction, but i t was concluded that the following s a l t s had 
been formed: (s^^+)2 CoCl^" (green), ( S ^ * ) ZnCl^~ (yellow), and ( S ^ * ^ 
HgCl^" (yellow). 
I t was concluded that the S^N^+ cation can e a s i l y be i d e n t i f i e d from 
i t s c h a r a c t e r i s t i c infrared spectrum irrespective of the anion, since the s h i f t s 
in absorption are small. I n p a r t i c u l a r , the absorptions at: 1160, 998, 682 and 
565 cm ^ are strong and very c h a r a c t e r i s t i c . 
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(C) Reactions of (NSC1),/Lewis Acid Adducts 
Discussion 
1. Structure and Properties of the Adducts 
The following (NSCl)^/Lewis acid adducts have been prepared i n thionyl 
chloride solution: 
Adduct Colour of Crystals Page No. 
(NSCl),, A1C1, 
3 3 
Red 133 
(NSCl)^, 2 A1C1 5 Yellow-orange 133 
(NSCl)^, FeCl^ Brick-red 133 
(NSCl)^, 2 FeCl^ Rust-brown 133 
(NSCl)^, x SbCl 5 
(x = 1,2 or 3) 
Yellow powder 134 
(NSCl) 2, n BCl, 
3 5 (n = unknown) 
Red solution 137 
(NSCl)^, n S n C l 4 Orange powder 137 
(n = unknown, 
C C l ^ soln) 
Many other (NSCl)y'Lewis acid adducts should be preparable i n a s i m i l a r 
way to the above adducts, and should also undergo analogous reactions with 
S^N^ and SClg to form the corresponding S^N^ and SgNClg s a l t s respectively. 
The 1:3 adducts of (NSCl)^ with A l C l ^ and FeCl^ may also be formed when (NSCl)^ 
i s heated with the corresponding metal chloride i n thionyl chloride solution 
i n the correct molar r a t i o , since the reagents dissolve on heating, and the 
f i n a l product, the SgNClg-*" s a l t , i s only formed very slowly. The formation of 
t h i s product i s probably due to further reaction of the adduct with the solvent: 
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i . e . ( i ) (NSC1) 5 + 3 MCl^ > (NSCl)^, 3 MCl^ 
( i i ) 2 S0C1 2 SC1 2 + S0 2C1 2 3 8 2 
( i i i ) (NSCl) 5, 3 MD1 + 3 SC1 2 > 3 S 2NC1 2 MC14 
(M = Al,Fe) (See discussions of reactions of adducts with SClg). 
The SnCl^ adduct of (NSCl)^ may possibly be of use i n the synthesis 
2-
of 2+ sulfur-nitrogen cations since the corresponding SnClg anion i s doubly 
negative, and i s therefore more compatible with a doubly charged cation. 
The 1:1 and 1:2 adducts are i n equilibrium with each other for 
M = Al and Fe (as observed i n reactions ( i v ) and ( v ) ) . 
i . e . (NSCl) 5, MC15 + MC15 p ^ 2 ( H S C l ) ^ 2 MC15 
The adduct formed depends upon the molar r a t i o s present. This 
equilibrium probably also e x i s t s for other s i m i l a r adducts. 
The adducts themselves are extremely a i r and moisture s e n s i t i v e , much 
more so than either (NSCl), or the metal chloride, but they are stable i n 
thionyl chloride solution. Because of th i s extreme s e n s i t i v i t y , the adducts 
themselves have not been isolated free from thionyl chloride solution, and 
the i r s t a b i l i t y i n the solution i s probably due to two factors: 
( i ) Thionyl chloride reacts with water to produce the gases S0 2 and HC1, 
therefore a solution acts as i t s own dehydrating agent, protecting the adducts 
against moisture. 
i . e . S0C1 2 + H 20 > S0 2 + 2 HC1 5 8 2 
( i i ) The adducts probably form some sort of donor-acceptor complex with the 
thionyl chloride solvent molecules. They are therefore s t a b i l i s e d by solvent-
solute interaction and t h i s type of s t a b i l i s a t i o n i s not present i n non-complexing 
solvents such as CC1. and benzene i n which the adducts are much l e s s stable. 
4 
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Th e adducts decrease i n s o l u b i l i t y i n thionyl chloride with increasing 
atomic weight of the metal. 
i . e . I n order of decreasing s o l u b i l i t y : Al adduct > Pe adduct > Sb adduct. 
This trend i s also observed i n the reaction products of these adducts (e.g. 
SgNClg and S^N^ s a l t s ; . This i s probably due to the trend i n anion s i z e , 
since the l a t t i c e energy of the c r y s t a l structure increases as anion and 
cation become more compatible i n s i z e (e.g. as the anion increases i n s i z e 
towards the large S^N^+ cation). Solvation energies are also probably a 
contributing factor. 
Since the adducts are so moisture s e n s i t i v e , no structure determination 
has yet been undertaken, although s a t i s f a c t o r y c r y s t a l s are formed, so that 
structures for these adducts can only be suggested, and must await confirmation 
from other physical data. 
There seem to be two main p o s s i b i l i t i e s for the structures of the 
adducts, either: 
( i ) Nitrogen donation, from one or more nitrogen atoms i n the (NSCl)^ ring, 
to the metal atom of the Lewis acid (Figure 5»l). This occurs i n S^N^ adducts 
(e.g. i n S^N^, SbCl^, where one nitrogen i n S^N^ i s bonded d i r e c t l y to the 
antimony atom, the S^N^ ring being distorted, but remaining i n t a c t . 
Figure 5»1 
i . e . CI 
| (1:1 adduct) 
N N ^MC12 
i I 5 
CI "N' CI / \ / \ 
I n the (NSCl)^/metal chloride adducts, the r i n g may a l t e r conformation, but 
probably remains i n t a c t . 
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( i i ) P a r t i a l or even complete chloride ion abstraction by the Lewis acid. 
+ — + — 292 293 
Ionic compounds such as NS SbFg and NS AsF^ have been i d e n t i f i e d * 7 J 
where a very strong Lewis a c i d i s used, and halide abstraction by the Lewis 
acid i s complete, r i n g fragmentation also occurring to produce the NS + cation. 
The structure of the (NSCl)^/metal chloride adducts may therefore be 
represented by one of two main structures (Figure 5*2). 
i . e . Figure 5.2 
CI CI 
( i ) I ( i i ) I 
N N N N 
I + I 
/ \ / ~ \ X- / \ X M C 1 4 CI N C I " CI N 
MC15 
(M = Al,Fe, 1:1 adducts) 
The adducts behave i n the reactions so f a r studied, as i f they were 
NS + MCl^ together with NSC1, although i t i s unlikely that they actually have 
t h i s structure, since the 1:1 and 1:2 adducts appear to be d i s t i n c t compounds, 
and since A1C1, and FeCl, are probably not s u f f i c i e n t l y strong Lewis acids for 
3 3 
complete chloride ion abstraction to occur. 
I n a l l the following reactions of these adducts, i t was found that both 
the 1:1 and the 1:2 adducts, as well as the 1:2 adduct with a molar excess of 
metal chloride (1 :3 r a t i o ) , a l l reacted equally well to give the same product; 
any excess metal chloride being consumed during the reaction, or excess (NSCl), 
3 
remaining unreacted. This can be explained through a " c y c l i c " mechanism, by 
which NSC1 i s liberated on reaction of the adduct. This may then react with 
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excess metal chloride to form more adduct, which can then react further, and 
so on u n t i l one reagent i s completely consumed. (Figure 5«3) 
e.g. Figure 5.5 
(NSC1) 5 + MC15 
i (NSC1) Z, MCI.. 3 3 
SCI, 
[ S 2 N C 1 2 ] + [MC1 4] 
+ 
MCI. (BSC1) , MC13 ^ 3 § (NSC1) 3 
The adducts of (NSCl), with A1C1,, FeCl, and SbCl c can therefore be 
3 3 3 0 
conveniently written as NS + MC1^~ (M = Al,Fe) or NS + SbClg", emphasising t h e i r 
role as a source of NS +. 
2. Reactions of (NSClK/Lewis Acid Adducts 
The (NSClJ^/Lewis acid adducts behave as potential sources of NS+, as 
i f t h e i r structure were NS + MC1^~. NS + i s a good electrophile, and w i l l attack 
many compounds with lone pai r s of electrons to give an intermediate complex 
(probably of a donor-acceptor form) which then rearranges to give a stable 
cation. 
( i ) With SC1 2 
SClg contains lone p a i r s on the sulfur atom; the reaction mechanism may 
be summarised as: 
S 0 C l o 
( i ) ( N SCl) 5 + MCl^ (NSCl)^, MCl^ adduct 
The (NSCl)^, MCl^ adduct behaves as i f i t were NS + MC1^~, (see previous 
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discussion), therefore: 
( i i ) N S + MCI ~ + S C I , 
S0C1, 
|~(S S N)<-SC1 2 > FMCI]" 
L- complex-1 *- a 
The complex then rearranges v i a chloride ion transfer to give the more 
stable structure: 
U i i ) (s s N ; « — s — ci 
[ C I - S = N - S - C I ] + 
The chloride ion transfer may be either i n t r a - or inter-molecular 
(e.g. v i a a solvent molecule). 
(a) The SJffClJ" cation 
c.——d 
The cation S 2NC1 2 + has been reported by G l e m s e r . 2 8 ^ ' 2 ^ 1 ' ^ 3 I t was 
prepared i n two types of reaction: 
( i ) (NSC1) 5 + 3 SC1 2 + 3 BC1 3 >3 [ N ( S C 1 2 ) ] + ( B C 1 4 3 ' 
S C I , 
- 403 
( N S C I ) 5 + 3 sc i 2 + 3 Aici 3 S > 3 [ N ( S C I ) 2 ^ | + [ A I C I 4 ] 
( i i ) 2 N S F 5 + 3 BC1 3 a f 6 W d a y S ) [ N S g C l J + [ B C ^ ] " + * H g 
+ 5/2 C l 2 + 2 B F 3 2 9 1 ' 4 0 5 
- 289 
Conversion of the BC1. s a l t to the SbCl^ s a l t : 
4 6 
( i i i ) N ( S C l ) 2 + BC1 4" + SbCl 5 + SbFj SbCl t 15_> p ( S C l ) ~T fsbci.T 
Solvent L 
+ B F 5 + SbClj 289 
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A c r y s t a l structure determination by x-ray st r u c t u r a l analysis of 
S 2 N C 1 2 + B C 1 4~* s h o w e d t h a t t h e S 2NC1 2 + cation has the s t r u c t u r e : 2 9 1 
Figure 5»4 
1-532 A^N<^537a\ 
5 9 - 2 ° ^ ^ - 5 
112-0 11 0-5 
1-985A 
CL 
s2Nat 
1-985A 
CL 
symmetry: 
The cation i s planar, with c i s configuration and approximately C 
.291 
2v 
The compounds described i n t h i s chapter prepared by the reaction of 
(NSCl) 5/MCl 3 adducts with SClg, analyse c l o s e l y to SgNClg4" MC14~ (M = Al, Fe) 
and also to S 2NC1 2 + SbClg -. SgNClg"1" MCl^" i s also the most reasonable reaction 
product, since i t i s formed merely by the addition of "NS+" to SC1 2; however, 
the infrared spectral data d i f f e r from the spectra of the compounds prepared 
by Glemser. 
i . e . S 2NC1 2 + BC1 4" 2 9 1 
(Glemser) 
1380 ( s ) 
1340 ( s ) 
1325 ( s ) 
1265 (m) 
S 2NC1 2 + A1C1 4" 2 8 9 
(Glemser) 
1410 (w) 
1220 (w) 
1130 (vs) 
800 (w) 
S 0NC1_ T MCI 2 2 4 
(M = Al,Fe t h i s t h e s i s ) 
1130 (m) 
975 (w) 
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S 2NC1 2 + BC1 4" 2 9 1 S 2NC1 2 + A1C1 4" 2 8 9 S 2NC1 2 + MC14" 
(Glemser) (Glemser) (M = Al,Fe t h i s t h e s i s ) 
738 (sh) 
722 (m) 
705 (w) 695 ( s ) 704 (sh) 
655 (vs) 654 ( s ) 
645 (sh) 
525 ( s ) 517 ( s ) 
423 ( s ) 505 ( s ) 
408 ( s ) 490 (sh) 494 ( s ) 
The infraxed, spectra for S 2NC1 2 + A1C14~, F e C l 4 ~ and SbClg~ ( t h i s t h e s i s ) 
are the same, apart from the expected small s h i f t s due to changes i n anion, and 
absorptions from the anion i t s e l f , thus confirming the presence of the same 
cation. The infrared spectrum reported by Glemser for S 2NC1 2 + A1C1 4 i s s i m i l a r , 
but not the same, as that recorded for S 2NC1 2 + A1C1 4 prepared by ourselves, 
and i s quite different from that of S 2NC1 2 + BC1 4~, obtained by Glemser. These 
discrepencies are at f i r s t d i f f i c u l t to understand, but the spectrum of 
S 2NC1 2 + A1C1 4~ was recorded by Glemser at 80°C between s i l v e r chloride p l a t e s , 2 8 9 
whereas our spectrum was recorded using a nujol mull (KBr d i s c s ) , at room 
temperature. I t i s also possible that Glemser 1s sample of S 2NC1 2 + A1C1 4 
contained some (NSCl),, A1C1, adduct as an unsuspected impurity, rendering i t 
3 3 
very moisture s e n s i t i v e , thus requiring the use of an unusual technique to record 
the spectrum. The presence of th i s adduct could help to explain the differences 
i n the infrared spectra. The differences between the infrared spectrum of 
SgNClg"*" BC1 4~, and the other S^Cl^ s a l t s are more d i f f i c u l t to explain. We 
did not obtain an infrared spectrum of t h i s compound, due to i t s i n s t a b i l i t y 
although i t was probably formed i n solution on reacting SClg with the (NSCl)^, 
n BCl^ adduct i n thionyl chloride. Glemser also states that t h i s compound i s 
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291 very hygroscopic, and rapidly decomposes, yielding BCl^, so that the 
infrared spectrum recorded by him may be that of decomposition products rather 
than the pure compound. A repeat of th i s preparation at lower temperatures 
may be more successful. 
Glemser also used different preparative routes from those reported i n 
t h i s t h e s i s , and postulates different reaction mechanisms. For example, for 
the reaction: (NSCl)^ + 3 SC1 2 + 3 BCl^ » 3 [jlSgClg ] + [ B C I ^ " 4 ° 5 
he postulates the following mechanism: 
( i ) sc i 2 + B C I 5 > £ s c n ~ ] + [ B C I 4 " ] " 
( i i ) (NSCl)^ N 3 NSCl 
( i i i ) NSCl + | j 3 C l ^ | + [ B C I ^ - >S 2NC1 2 + B C l ^ 
The mechanism, according to Glemser, involves the e l e c t r o p h i l l i c attack 
of the SC1 + cation on NSCl, whereas our r e s u l t s indicate that the reaction 
should proceed v i a the (NSCl),, n BC1, adduct (at l e a s t i n thionyl chloride 
3 3 
solution), which acts as a source of NS + i n the e l e c t r o p h i l l i c attack of NS + 
on SC1 2 to y i e l d S^Cl^ and s i m i l a r l y for the AlCl ^ , FeCl^ and SbCl^ s a l t s 
( t h i s t h e s i s ) . 
Glemser uses the same mechanism to explain part of the rather more 
involved mechanism, for the formation of ^NS 2C1 2 J + [^ c l 4^~ f r o m B C 1 5 3 1 1 ( 1 
NSF 3 . 4 ° 5 
The reaction of (NSCl) 5 with SClg and A l C l j i n SClg to y i e l d [ N S 2 C 1 2 ] + 
j ^ A l C l ^ ^ " reported by Glemser, most probably also goes v i a the (NSCl^/AlCl^ 
adduct as an undetected intermediate. The compoundJ^SgNClg^J"1" [ j^eCl^^j has 
not been previously reported. 
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The observed S-N bond distance ( l . 5 3 X) i n SgNClg B C l ^ - corresponds 
to a "Glemser" bond order of 1.7 to 1.8,^^ and i s obviously of a bond order 
greater than one. Glemser suggests^^ that the structure of SgNClg* can be 
rat i o n a l i s e d as consisting of two canonical forms (Figure 5»5)» 
i . e . Figure 5.5 
i ( i i N N 
arid 
CI CI CI CI 
From comparison with other c y c l i c sulfur-nitrogen species: ^ N j + and 
S(JI(- +, where bond orders greater than one are observed, t h e i r structures are 
more e a s i l y r a t i o n a l i s e d i n terms of delocalised pi\ and dTV bonding, rather 
than by resonance canonicals (which cannot be adequately represented i n these 
cases without trans-annular bonding). The rings are planar, and therefore 
s i m i l a r delocalised n bonding probably occurs i n SgNCl,,*, which i s also planar. 
The s u l f u r atoms i n SgNClg* probably carry most of the positive charge, by 
analogy with S.N_+ and S CN,. +. 1^ 4 3 5 5 
SgNClg A l C l ^ and SgNCl^ FeCl^ are sparingly soluble i n concentrated 
s u l f u r i c acid and decompose slowly, as indicated by thei r UV spectrum i n that 
solvent. I t i s probable that the absorptions are due to the SgNCl,,* cation, 
rather than the anion, since the UV spectra of both s a l t s are the same, and 
also by analogy with the corresponding S^ N^ "1" s a l t s (see Chapter 6 ) , the A l C l ^ " 
and FeCl^ anions decompose i n concentrated s u l f u r i c acid to y i e l d HC1 and to 
leave the cation i n solution. 
The presence of absorptions i n the near UV, shows the existence of low 
l y i n g vacant o r b i t a l s , which i s consistent with the presence of the postulated 
delocalised p7\- - dT\ bonding i n the cation. 
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( i i ) With C C l , SCI 3 
Trichloromethyl sulferjyl chloride ( C C l ^ S C l ) can be regarded as a 
derivative of SClg previously studied, where C C l ^ replaces CI. The C C l ^ 
derivative was chosen as i t i s stable to chlorinating agents (e.g. thionyl 
c h l o r i d e ) , and i t was hoped that nev; compounds of the type: |_C C l ^ SNSCl^j + 
^ M C l ^ - would be formed analogous to the SC1 2 derivatives. 
I n each of the three cases studied the reaction occurred immediately 
on adding the CC I , SCI to the (NSCl), adducts of A1C1,, FeCl, and SbCl c. 
3 3 3 3 5 
Reaction products consisted of S,N„C1+ and S 0NC1 0 + which were i d e n t i f i e d 
3 ^ c c. 
by their infrared spectra and by elemental analysis and insoluble powders 
which could not be i d e n t i f i e d . (See discussion). 
i . e . Starting Materials I d e n t i f i a b l e Products 
(NSC1) 5 + 3 FeCl^ S 5N 2C1 + F e C l 4 " (mainly) 
(NSC1) 2 + 3 A1C1-. S 2N_C1 + A1C1." (mainly) and 3 3 3 <i 4 
S 2NC1 2 + A1C1 4" 
(NSCl) T + 3 SbCl c S J J 0 C 1 + SbCl,-" and 3 5 3 ^ o 
S 2NC1 2 + SbClg" (mainly) 
I n the f i r s t two cases, S^NgCl* s a l t s were the main product, and i n 
the l a s t case S 2NC1 2 + SbClg was the main product, as indicated i n the infrared 
spectra. The analyses were also consistent with the above being the main 
products. 
The reasons for these products being formed, rather than the expected 
CC1,SNSC1 + derivatives, are not as yet completely c l e a r . I n every case, there 3 
was an immediate reaction on addition of the CC1, SCI to the thionyl chloride 
3 
solution of the adduct, the solution became the c h a r a c t e r i s t i c red/green-blue 
dichroic, indicating that some sort of reaction with the C C l ^ S C l was taking 
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place, and that some sort of "C C l ^ SC1.SN+" complex was formed. However, 
thi s must obviously rearrange to give the observed products, possibly v i a 
reaction with thionyl chloride solvent or with excess (NSCl) . I n each 
reaction the y i e l d s were f a i r l y low (about 15%)» p a r t i c u l a r l y when compared 
with the y i e l d s obtained i n the d i r e c t preparations of SgNClg"*" s a l t s , and 
f a i r l y large quantities of unidentified impurities are also present, indicating 
several side reactions. 
The following very tentative reaction mechanisms may help to explain 
the i d e n t i f i a b l e products formed. 
S0C1„ 
(a) ( i ) (NSCl)^ + MC15 2 > ( N S C l ) ^ , MClj adduct 
S0C1, ( i i ) (NSCl)^, MCl^ + C 01^ SGI a u u i P ^ 
C C l ^ - S->(N = S ) + MC14" complex 
CI 
This intermediate complex may then s t a b i l i s e i t s e l f i n two ways: 
by chlorination by the thionyl chloride solvent to y i e l d the SgNClg* ion and 
C C l ^ * o r by chloride ion transfer ( e i t h e r i n t r a or inter-molecular) and 
reaction with excess NSCl, to y i e l d the S^NgCl* ion. 
(• • -\ C 1 i«e. V i n J I . _ Chlorination 
C C l , - S—»(N = Sy MCI 3" - S0C1 2 
CI 
1 + CC1.+ S - N - S - CI MCI. 
4 4 
and / CI 
c c i 3 - k —^(N = S ) + MCI 4" 
^ C C l . S N v 
ci N 4 + / , \ 
-f- S 
S ^ I MCI / 
CI ^ 
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(b) Alternatively, the reaction may go via a C C1^S+ ion, by reaction 
of the Lewis acid with CCl^SCl. The C C I i o n would be analogous to the 
SgCl"*" ion formed from S^Cl^ and Lewis a c i d s , a n d the SC1+ ion postulated by 
Glemser as a reaction intermediate; 4 0^ other RS+ ions are also known: 
e.g. PhSBr + AgC104 > |_PhS+ ClO^j intermediate 4 0 7 + AgBr 
I f mechanism (a) is correct, C Cl^ should also be present i n solution, 
although this has not been verified, and several other mechanisms are possible 
since side reactions also occur. 
2+ 
( i i i ) With elemental sulfur (attempted preparation of the S,N^  cation) 
The reaction of elemental sulfur with (NSCl)^ and FeCl^, i n the molar 
ratio: (NSCl),:FeCl,:S = 1:3:9, produced only a mixture of S,NriCl+ FeCl ~ and 
SJsfCl* FeCl. as identifiable products, together with some FeCl, and excess 
sulfur. Since an immediate reaction occurred on adding the sulfur to the 
refluxing solution, the sulfur must take some part i n the reaction. 
The formation of the products can be explained i n the following way: 
S0C1„ 
( i ) (NSCl)^ + 2 FeCl5 ^ ( N S C l ) ^ 2 FeCl5 
Formation of the adduct, which can then react as a source of NS . I t is often 
useful i n describing ring formation, to s p l i t the ring into i t s component parts, 
+ + 
and in this case the S,N CI ring can be formed from SN , NSC1 and S, as 
component fragments: 
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.e. ( i i ) (N = S) + FeCl ~ + S + N = S-Cl 
i 
.N = S FeCl, 
S". y S - CI 
,N — S 
FeCl 
4 
•Cl 
The formation of SgNCl^ can also be rationalised: 
( i i i ) (N = S) + FeCl." + S >S = N = S FeCl 
S0C1, 
chlorination 
sis 
C l - S - N - S - C l FeCl. 
( i v ) With elemental selenium 
From the above reaction with sulfur, i t was hoped that, by using 
selenium instead of sulfur, selenium could be inserted into a sulfur-nitrogen 
ring or chain, to give the selenium analogues of S^NgCl* o r SgNClg*. The 
selenium analogues of S.N*, i.e. S,SeN,+ has been shown to be a possible 
4 J 5 5 product from the reaction between S.N. and Se_Cl_,^"^ and so cations such as e 4 4 2 2 
SgSeNgCl* and SSeNClg"1" should exist. However, when selenium was added to the 
(NSCl)_/FeCl, adduct, although an immediate reaction occurred, the only product 
to be identified was S^ NgCl FeCl^~, and not the selenium analogue. Therefore, 
although an i n i t i a l complex may be formed, which contains selenium, this 
proceeds to eliminate selenium, and to give the more stable sulfur analogue, 
possibly through some sort of sulfur-selenium exchange with the thionyl chloride 
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solvent, or with (NSCl) . Due to the complexity of the reaction, and to the 
impurities present i n the reaction products, i t was not possible to determine 
the f i n a l fate of the selenium. 
(v) With disulfur dichloride 
From the reactions of the (NSCl)^/metal chloride adducts with SC12* 
which gave S2NCl2+ salts in good yield, i t was hoped that the reactions with 
S2C12 would give S^NCl^ salts of probable structure: C1-S-S-N-S-C1+. An 
immediate reaction took place on mixing the reagents showing that some sort 
of SgClg (NS) + AlCl^ complex was i n i t i a l l y formed. However, the f i n a l product 
was a mixture of S^XC!^ and S^NgCl* salts. The reaction is similar to that 
using CCl^SCl, and i t is probable that the i n i t i a l complex underwent further 
reactions to yield the observed products, so a. tentative reaction mechanism 
is proposed to account for the observed products: 
S0C1. 
( i ) (SW) A1C1. + S_C1„ C1-S-S-^(N = S) 
4 £ i adduct I complex CI A l C l " 
4 
( i i ) (a) The intermediate complex may rearrange through chloride ion 
transfer and sulfur elimination to yield S^Cl^ AlCl^ : 
i.e. Cl-S-S—>(N = S) + > C1-S-S-N-S-C1+ A1C14~ 
sulfur elimination 
C 1 A1C1," C1-S-N-S-C1+ A1C1." 
4 4 
(b) The intermediate complex may also cyclise with excess NSCl 
to form SjNgCl4" AlCl^ , with the elimination of SClg. 
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l.e. (N = S) N S C , Cl-S-S 
CI 
N 
S CI 
CI 
A1C1, 
CI CI 
,s s — s 
* A \ » / , \ 
CI 
AICI 4 N s - ci A l c l 4" + sci 2 
Prom the infrared spectrum, SgNCl^ AlCl^ appears to be the main product, 
although S^ NClg AlCl^, the desired product, is not entirely ruled out, since the 
product was more air and moisture sensitive than either pure SgNClg AlCl^ or 
S2N_C1 A1C1.. 5 4 
(v i ) With diselenium dichloride Se^ Cl„ 
The selenium analogue of disulfur dichloride (SegClg) was also reacted 
with the (NSCl)^/metal chloride adducts. Once again an immediate reaction 
occurred, and a product was formed (orange powder), which apparently contained 
selenium (flame test), and whose infrared spectrum was different from those of 
any other sulfur-nitrogen compound. Attempts to purify i t were unsuccessful, 
since i t is only sparingly soluble i n thionyl chloride, and appears to decompose 
on heating. The analyses were inconclusive, but showed the presence of sulfur, 
nitrogen and chlorine, (selenium was not analysed f o r ) . The product is therefore 
probably a mixture and by analogy to the reactions with SgClg, is probably 
a mixture of the selenium analogues of S0NC1„+ and S,N_C1+, although the number 
of selenium atoms replacing sulfur was not determined. A l l these selenium 
compounds are, at present, unknown. (See Appendix for infrared spectrum). 
THE PREPARATION, STRUCTURE AND REACTIONS OF 
SJ^* SALTS -51.5—— 
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CHAPTER 6 
The Preparation. Structure and Reactions of 
S^ N/*" Salts 
-jT-0 
(A) Introduction 
The preparation, structure and reactions of the cyclopentathiazenium 
(SjJN^+) salts, occupied a large part of the research work, and although they 
are prepared from (NSCl)^/metal chloride adducts, (see previous Chapter for 
the other reactions of these adducts), the s c j N c j + salts are best dealt with 
i n a separate chapter in some detail, with cross references to other chapters. 
Through a series of separate preparations of S^ N^ + salts, the 
following optimum procedures were established. 
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(B) Preparation of S N + Salts 
1. Preparation of S,-N,-+ MC1^ ~ (where M = Al or Fe) 
Trithiazyl trichloride (NSCl)^, fer r i c or aluminium chlorides and 
£>4^4 were weighed out i n the stoichiometric ratio 1:3=3- The preparation may 
be scaled as necessary, so that the weights used for a typical preparation are 
288,408 given. ' 
(NSCl)^ ( 5»96g) was dissolved i n ca. 100 ml. of thionyl chloride i n a 
round-bottomed flask with s t i r r i n g , and powdered AlCl^ (6.6g) or FeCl^ (8.08g) 
then added to the solution, which was stirred for about 1 hour to form the 1:2 
adduct. Tetrasulfur tetranitride (S^N^) (9»2g) was then added over a period 
of a few minutes to the vigorously stirred mixture. I t was important that the 
mixture was stirred vigorously, otherwise the yields were considerably reduced. 
The solution immediately became a very dark red-green/blue dichroic colour, and 
the s t i r r i n g was continued for about 2 hours, during which time the S^ N^ + salt 
gradually precipitated out: s t> N 5 + A l c -"-4~» orange/yellow; F e C- 1-4 » ^ s t " 
brown. The solution was reduced to about half bulk by d i s t i l l a t i o n under 
reduced pressure, then cooled to -10°C and f i l t e r e d cold. The precipitate was 
pumped dry from thionyl chloride i n vacuo to yield the crude product, which was 
rather darker i n colour than the f i n a l recrystallised product. An infrared 
spectrum indicated that the main impurity was S^ N^  MCl^. Recrystallisation was 
from thionyl chloride with f i n a l cooling to -10°C; the product was f i l t e r e d and 
pumped dry i n vacuo as before. 
Yields: A1C1^~ salt: 70% crude product; 50% recrystallised. 
FeCl^ salt: 95% crude product; 90% recrystallised. 
Products: ( i ) ^5^5 AlCl^: Orange-yellow needles, similar i n 
appearance to S^ N^ . Melting point (after several recrystallisations) = 181°C 
(with decomp.J. 
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184 Infrared spectrum (nujol mull): 
1144 ( s ) , 1048 (w), 1023 (w,sh), 976 (vw,sh), 733 W, 722 (m,sh), 
687 (w), 613 (w), 529 ( s ) , 497 (vs,sh), 483 (vs), 327 (m) cm"1. 
(Absorptions at ca. 490 (s,vb) cm 1 due to AlGl^ i c n 4 ^ 4 ) . (See Appendix). 
Ultraviolet spectrum: (Solvent cone, sulfuric acid (18.3 M)): 
(225-700 nm). X max. 327 nm. (£ = 3.5 x 10 4); 426 nm (£ = 2.5 x 10 5). 
(See Appendix for UV spectrum). 
HC1 was evolved on dissolution, but this was due to the decomposition 
of the anion only. 
Concentrated n i t r i c and anhydrous formic acid were also used as solvents 
for the determination of the UV spectrum. Decomposition was more rapid than 
i n concentrated sulfuric acid, but the spectra of the fresh solutions were the 
same as for Sr-N,- A1C1. in concentrated sulfuric acid. 
5 5 4 
Analysis: 
Found % SJfl/ 4" AlCl^" requires % 
S = 39.7 S = 40.2 
N = 17.5 W = 17.5 
CI = 35.3 CI = 35.5 
Al = 6.7 Al = 6.8 
Total = 99.2% Total = 100.0% 
A study was undertaken on the optical properties of the S^ N^ + AlCl^ 
c r y s t a l 4 ^ : s t j K ( j + A l ^ l ^ - is biaxial and of negative sign, the maximum and 
minimum refractive indices are: ^ = 1.810, CC = 1.750. The refractive index 
along the third direction was estimated as |3 = 1.807. The crystal is therefore 
almost uniaxial ( j 3 ^ ^ ) having a birefringence of 0.060. I t is also slightly 
photosensitive, darkening on prolonged exposure to sunlight (several months). 
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The darkening was only a surface effect, and a control sample stored i n darkness 
for several months did not show this effect, thus confirming that i t was li g h t 
rather than moisture that was responsible. 
( i i ) S t - N * FeCl. : Dark orange needle-like crystals. 
Melting point (after several recrystallisations): 181°C (with decomposition). 
Infrared spectrum (nujol m u l l ) : 1 ^ 
1143 ( s ) , 1047 (w), 1017 (vw,sh), 731 (m), 721 (m.sh), 685 (m), 
608 (m), 528 (s ) , 370 (s), 327 (s) cm"1. 
The spectrum is essentially the same as for S^N^ AlCl^, slight shifts in 
absorptions can be attributed to the change i n anion size. The ultraviolet 
spectrum of a 3 x 10 ^  H soln. i n concentrated sulfuric acid (18 .3 M) was found 
to be the same as for S C N,. A1C1.. 
5 5 4 
Analysis: 288 
Found % SJ*r FeCl^ requires % 
S 
• N = 
CI = 
Fe = 
Total = 
37.3 
16.3 
32.5 
13.6 
99.7% 
S 
N 
CI 
Fe 
Total 
= 37.5 
= I 6 . 4 
= 33.1 
= 13.0 
= 100.0# 
Both S-N,. A1C1. and S e N _ FeCl. are air and moisture sensitive, S C N C A i d , 5 5 4 5 5 4 5 5 4 
being rather more sensitive than S CN.- FeCl,. 
5 5 4 
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2. Preparation of SbCl^" 
The preparation of this salt is similar to that of the AlCl^ and 
PeCl^ salts (Section 1 ) , but slightly different techniques are used, due to 
the increased reactivity of SbCl^, and to the sparing solubility of the products. 
The reagents: (NSCl)^, SbCl^ and S^ N^  are again used i n the molar ratio 1:3:3. 
In a typical preparation: (NSCl),, (0.8730g) was dissolved i n ca. 20 ml. 
3 — 
of thionyl chloride and freshly d i s t i l l e d SbCl_ (3 .2g , 1.37 ml) was slowly 
5 
added to the vigorously stirred solution, using a graduated syringe. Slow 
addition with cooling was used since the reaction was f a i r l y exothermic. The 
(NSCl)^, 3 SbCl,. adduct (yellow) precipitated out almost immediately, but to 
ensure completion of the reaction, the solution was stirred for about hour. 
£>4^4 (l . 9 7 g ) was then added slowly to the vigorously stirred mixture. The 
yellow adduct dissolved immediately, and a very dark red-green/blue dichroic 
solution was formed, which was stirred at room temperature for about 24 hours, 
during which time a dark yellow precipitate gradually formed, (impure S^ N^  SbClg). 
The solution was f i l t e r e d and the precipitate washed with fresh cold thionyl 
chloride solution, yielding a yellow-orange powder. S..N.- SbCl,- was only sparingly 
0 0 b 
soluble i n thionyl chloride, therefore purification was by solvent extraction 
using thionyl chloride, to yield S^Nj. SbClg (yellow powder), mp. 188°C (decomp.) 
Yield = 80%. 
IR spectrum (nujol mull): 
1258 (w), 1163 ( s ) , 1111 ( s ) , 1026 (sh), 975 (sh), 806 (m), 720 (m), 
673 (w), 621 (w,b), 532 (vs) cm"1 
(The spectrum is essentially the same as for S^N,- AiCl^ and S^ N^  FeCl^, the 
slight shifts i n absorption can be attributed to the change i n anion). 
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A 1 • 2 8 8 Analysis: 
Found % S..N,. SbCl^ requires % 
S = 28.3 S = 28.4 
N = 12.3 N = 12.4 
C I = 37.6 C I = 37.6 
Sb = 21.8 Sb = 21.6 
(by difference) 
SJ-NJ. SbClg is practically air and water stable. Contact with water 
for ca. 24 hours, caused only slight decomposition, as revealed by an 
IR spectrum. 
3. Preparation of Other S^-+ Salts 
(Reinekate. tetraphenyl borate, nitrate and hexachloroantimonate) 
( i ) Reinekate 
Sj-N,. FeCl^ (0.6609g) was suspended i n ca. 10 ml. of anhydrous formic 
acid (ScjN 5 FeCl^ i n slightly soluble) and Reineke salt (NH^ + Qcr(HH^) 2 ( S C N ) ^ " 
(0 .5195g)i was added to the stirred mixture. The dark orange colour of the 
SfjNtj FeCl^ gradually turned red and the solution was stirred for ca. 24 hours 
to complete the reaction. The precipitate was then f i l t e r e d and pumped dry i n 
vacuo. Product: orange powder. 
IR spectrum (nujol mull): 
2083 (vs), 1724 (w), 1613 (w), 1263 (s), 1163 (m), 1117 (m), 1047 (vw) 
1020 (vw), 830 (vw), 719 (sh), 701 ( s ) , 617 (w,b), 532 (m,b) cm-1. 
(Spectrum shows the characteristic absorptions of the S^N^ + cation and of the 
Reinekate anion). 
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Analysis: 
Found % SJI + rCr(HH,) 2 (SCN^] " requires % 
N = 26.86 N = 28.08 
G = 8.46 C = 8.76 
H = 1.20 H = 1.10 
S^ N^ + Reinekate is practically air and water stable. The UV spectrum 
( i n CHgClg solvent J is also consistent with the presence of the S^Nj-+ ion. 
( i i ) Tetraphenyl borate 
SJ-NJ. FeCl^ (0.3257g) was added to ca. 20 ml. of anhydrous formic acid, 
and the mixture stirred. Dry sodium tetraphenyl borate (NaB (C^H^)^) (0.2604g) 
was then added, and the mixture stirred u n t i l no further precipitate was formed, 
(about two hours). The precipitate (orange powder) was f i l t e r e d off and pumped 
dry i n vacuo. There was no sign of the other reaction products (e.g. FeCl^) and 
these may well have dissolved i n the formic acid. The f i n a l product was a dark 
yellow powder. The analysis was inconclusive, but a flame test (green) showed 
the presence of boron. On heating, the colour changed to dark orange at ca. 80°C, 
and the compound decomposed at ca. 134°C. The infrared spectrum (nujol mull) 
and electronic spectra ( i n CHgClg solvent) were consistent with the presence 
of the S..N.-"1  cation. 
5 5 
( i i i ) Nitrate 
S(-Nj. FeCl^ (l.Og) was dissolved i n ca. 5 ml. of concentrated n i t r i c acid. 
A gas (presumably HC1) was evolved, and a white precipitate appeared. This was 
fi l t e r e d off and pumped dry i n vacuo, but i t was found to be very moisture 
sensitive, as decomposition rapidly occurred on exposure to air or moisture, to 
yield a red compound. An infrared spectrum, however, indicated the presence of 
the cation, and the product was therefore probably the nitrate, by 
comparison with S^Nj+ NO^- which is prepared from S^ N^ Cl i n an analogous 
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260,261,262,270 way. ' ' ' 
(i v ) Hexachloroantimonate from tetrachloroaluminate 
S(-N(. AlCl^ (l.Og) was dissolved i n ca. 50 ml. of thionyl chloride at 50°C, 
and ca. 0.5 ml. of SbCl^ (excess), added to the stirred solution, via a syringe. 
An orange solid immediately precipitated out, and the solution was stirred and 
allowed to cool to 20°C, to complete the reaction. The precipitate was f i l t e r e d , 
washed with cold thionyl chloride, and dried in vacuo. An infrared spectrum 
(cf. Page 173 ) identified the product as S^ N^  SbClg. 
4. Reaction of the S H ^ . SbCl,- Adduct with (NSCl), 
Tetrasulfur tetranitride (l . 7136g) was added to ca. 10 ml. of CCl^, and 
SbCl5 (1 .2 ml) was added to the stirred mixture. An immediate reaction occurred, 
with the production of the adduct S^, SbCl^ 1 5 ^ » 1 3 8 » 1 3 9 , 1 4 6 , 1 5 1 ( N S C 1 ) ^ f 
(0.7581g) was then added, and the mixture stirred for ca. 6 hours at 50°C. No 
reaction appeared to take place, and an infrared spectrum showed only S^ N^ , SbCl^ 
and (NSCl)j, without any trace of S^ N^ + salts. Similar observations were made 
when thionyl chloride was used as the solvent. 
5. Attempted Direct Preparation of Sr-N,.* Salts from S^ M^  
S ^ reacts with sulfuryl chloride (SOgClg) to form (WSCl)^ and S 0 2 ; 2 ^ 
and, i n the presence of a Lewis acid, this reacts to form an adduct, which would 
then react with more S^ N^ , to give S^ N,-+ salts; giving an overall reaction: 
5 S4N4 + 2 S 0 2 C 1 2 + 4 AlClj > 4 S 5N 5 + A1C14" + 2 SOg 
S4N4 and AlCl^ were used i n the correct molar ratios, f i r s t l y i n thionyl 
chloride, with the correct molar quantity of SOgClg, and then repeated using 
SOgClg as solvent. 
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In both cases, a large amount of impurity was formed, and the only 
recognisable product, from the infrared spectrum, was S^ N^ + probably as the AlCl^" 
salt, no S^ N^ + salts being detected. 
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(c) Discussion of the Reaction Mechanism, Properties and 
Structure of S„N,-+ Salts 5-5 
1. Reaction Mechanism 
S,.N_+ salts were f i r s t prepared, together with S,NnCl+ and S.N * salts, 5 5 5 <: 4 ; 
from the reaction of S^ N^  with thionyl chloride, i n the presence of metal 
chlorides.•'•46,184,410 ^ g p r 0 p 0 s e i j l 4 8 m e chanism for this preparation can be 
summarised: 
S0Clo MCI, I - . _-| S.N. 
S ^ g-^ NSCl ? ) [MS* MC14 J 4 4 ) S 5 N 5 M C 1 4 
The preparations of the s c j N ( > + salts described i n this Chapter were 
devised so as to check this proposal of mechanism and also to simplify the 
preparation. The various (NSCl)^/metal chloride adducts were prepared i n SOClg 
and, i n the ratio 1:3 shown to behave as a potential source of WS+. 
The reaction mechanism may be summarised: 
soci 
( i ) (NSCl)^ + 2 MCl^ 2-^(NSCl) 5 > 2 MC15 adduct. 
The (NSCl)^, 2 MCl^ reacts as i f i t were: "NS+ MCl^" " , therefore: 
( i i ) "NS+ MC14"" + S ^ S 0 C 1 2 ^ S J ^ r (NS)+ MC14" complex 
( i i i ) "S N , (NS)+ MCI "» rearrangement g N + M C 1 -4 4 4 slow ' ' " 
In the preparation, the (NSCl)^ and metal chloride are mixed i n the 
molar ratio 1:3» a-nd therefore there is free metal chloride present on addition 
of the S.N., however, as noted i n the reaction of the adducts with SC10 4 4 2 
(Chapter 3» Page 156), i t is rapidly consumed during the reaction, via the 
production of free N3C1 from the formation of the complex. 
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S^ N^  decomposes slowly i n thionyl chloride v/ith the probable formation 
of various fragments such as NSC1. Other fragments account for the other 
cations formed, (e.g. S^ NgCl"*", S^N^ +), and without the presence of a metal 
chloride, in thionyl chloride is eventually converted to S^N^Cl. 1^ 0' 1 4 8' 1 8^ 
The preparation involving the (NSCl)^/metal chloride intermediate adducts (this 
thesis) is a better preparative route since the yields are higher, the reaction 
is very much quicker and easier to carry out, side reactions are small, and i t 
does not involve the tedious separation of S CN C + salts from the other crystalline 
5 5 
salts also prepared. 
The reaction of the S^ N^  with the adduct is so rapid, and the decomposition 
of S^ W^  i n thionyl chloride to yield S^N^Cl so much slower, that S^®-^ salts are 
only produced in small amounts. 
The fact that (NSCl)^ does not react with the adduct S^ N^ , SbCl^ to form 
S 5N 5 + SbClg" (Page 173)t i.e. that the reaction: S ^ , SbCl5 + £(NSCl)_ S 0 C 1 ? ^ 
Sj-Nj.+ SbClg does not occur, is also consistent with the proposed mechanism. 
The (NSCl)^/metal chloride adduct i s probably a necessary intermediate. 
I t seems l i k e l y that many other S^ N^ + salts should be preparable by 
the reaction of S^ N^  with other (NSCl)^,metal chloride adducts, e.g. S^ "^*" GaCl^~ 
is known, and could probably be prepared from S^ N^  and the (NSCl)^, GaCl^ 
adduct; similarly S^ N^  should react with the (NSCl)^, BCl^ adduct to form 
SjjN[j+ BCl^ , so that the salts produced are only representative of the large 
number of salts that are preparable by this route. 
Other SCN,_+ salts can be prepared from S CN C + PeCl. or A1C1. , by 5 5 5 5 4 4 
methasis in anhydrous formic acid. This was concluded after preparing the 
Reinekate and tetraphenyl borate i n anhydrous formic acid. The hexachloro-
antimonate was prepared from S^ N^  AlCl^ i n thionyl chloride, and this was an 
example of a stronger Lewis acid (SbCl^) displacing a weaker Lewis acid from a 
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a a l t . The sparing s o l u b i l i t y of the SbClg~ s a l t probably also helped the 
reaction to proceed. I n i t i a l r e s u l t s also indicate that other l i q u i d metal 
chlorides (e.g. T i C l ^ ) also react with S^N^ A l C l ^ i n thionyl chloride i n a 
sim i l a r way. These reactions too have much wider applications, and many other 
s a l t s should be preparable by t h i s means. 
The Reinekate and tetraphenyl borate derivatives were chosen as 
representative examples because: 
( i ) Both anions are a i r and water stable, and i t would be useful to 
+ / + — 
determine the a i r and water s e n s i t i v i t y of the S.-N,. ion. (S.JJ.- A1C1. and 
5 5 5 5 4 
S,-N(-+ PeCl^ are both moisture s e n s i t i v e due to the presence of a se n s i t i v e 
anion). 
( i i ) Both anions are large and therefore are suitable for s t a b i l i s i n g a 
large cation such as S^N^+. The Reinekate anion has been used to s t a b i l i s e 
many other large cations. "''^  
( i i i ) Both anions are easy to prepare and to obtain pure. 
The preparation of S^N^ SbClg from S^ N^ . A l C l ^ i s presumably by the 
reaction: 
S CN C A1C1. + SbCl c S ° C l 2 > SpN^ SbCl,- + A1C1 2 5 5 4 5 5 5 5 3 
This i l l u s t r a t e s the use of thionyl chloride as an alternative solvent 
for these reactions. 
The a i r and water s t a b i l i t y of the s i j N t j + Reinekate and tetraphenyl 
borate (and also the hexachloroantimonate), demonstrates the remarkable s t a b i l i t y 
of the S^N^+ cation, which may vrell be due to i t s delocalised electronic structure. 
(See l a t e r discussions). 
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A t h i r d route to SCN,. s a l t s i s through reaction of S.-N,- A1C1 ~ or 
5 5 5 5 4 
PeCl. with the appropriate concentrated l i q u i d acid. S_NC. A1C1. reacts with 4 5 5 4 
concentrated s u l f u r i c acid to evolve HC1, (decomposition of the anion only), 
and leaves S^N^+ i n solution, as shown by the UV spectrum, presumably HSO^~ ions 
are also present. S i m i l a r l y , with n i t r i c acid, and, i n t h i s case, a possible 
n i t r a t e derivative: s i j N 5 + N O j h a s been prepared, although i t was too unstable 
for any accurate IR or UV measurements to be carried out on i t . The nitrate,'''^'^® 
266 2*56 266 + perchlorate and hydrogen s u l f a t e , ' and many other s a l t s of S^N^ have 
been prepared by reaction of S^N^Cl with the appropriate concentrated acid, and 
the same could apply to S^N^+ s a l t s . (See Introduction, Section on S^N^+, 
Page 51 ) . 
The d i r e c t preparation of S^N^+ A l C l ^ , by the reaction of S^N^, A l C l ^ 
and s u l f u r y l chloride, was unsuccessful, probably due to the slowness of the 
279 
f i r s t step, the formation of (NSCl)^ from S^N^ and SOgClg. which allows other 
side reactions to take place, including the formation of S^N^+ s a l t s . 
2. U l t r a v i o l e t Spectrum of S^N^+ 
The u l t r a v i o l e t and v i s i b l e spectra have only previously been reported 
~LQA 
for an a c e t o n i t r i l e solution. Measurement of the spectra was d i f f i c u l t since: 
( i ) S,-Np.+ s a l t s are only s l i g h t l y soluble. 
( i i ) Decomposition occurs i n the solvent. 
( i i i ) Parts of the u l t r a v i o l e t range are obscured 
by the solvent. 
Because of these factors, only estimated extinction c o e f f i c i e n t s and 
184 
approximate positions of absorption could be determined. 
-182. 
Concentrated (18 . 3 M) s u l f u r i c acid was found to be a much better 
solvent for the u l t r a v i o l e t spectrum since: 
( i ) The s c j N 5 + salt i s readily soluble. 
( i i ) Decomposition occurs only over a period of days 
(possibly due to traces of moisture), which 
does not e f f e c t the spectrum determinations. 
HC1 i s evolved on dissolution, but t h i s i s due 
to the decomposition of the anion only (A1C1^~). 
( i i i ) Cone. HgSO^ i s e s s e n t i a l l y transparent i n 
range used. (190 to 700 nm). 
Several determinations were carr i e d out i n concentrated s u l f u r i c acid, 
a l l i n good agreement with each other, and the following r e s u l t s obtained: 1 8 4' 4"''* 
(See Appendix). 
Wavelength X max. nm Mean 6 molar 
327 3.48 x 10 4 
426 2.47 x 10 5 
I n addition, a peak was also observed at around 225 nm» although i t 
varied i n position and i n t e n s i t y . I t was p r a c t i c a l l y absent i n fresh solutions, 
but gradually appeared as the solutions slowly decomposed with time (see 
Appendix). I t was therefore concluded that the peak was probably largely due to 
decomposition products, although a new, unidentified compound i s also a 
p o s s i b i l i t y . No other peaks were observed, even i n very concentrated solutions. 
Anhydrous formic acid and concentrated n i t r i c acid v/ere also used as 
solvents for the u l t r a v i o l e t spectrum of S.-Nc A1C1.. 
* 5 5 4 
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Although these solvents are not as good as concentrated s u l f u r i c acid, 
since decomposition i s rather more rapid i n concentrated n i t r i c acid and 
anhydrous formic acid interferes with the spectrum below ca. 260 nm, the 
spectra were e s s e n t i a l l y the same as those i n concentrated s u l f u r i c acid, and 
consistent extinction c o e f f i c i e n t s were obtained. 
Methylene dichloride (CHgClg) was used as the solvent, for the 
measurement of the spectra of S^N^ , {Reinekate],and of S^N^ BPh^; confirmatory 
spectra were obtained (with s i m i l a r extinction c o e f f i c i e n t s ) , showing that the 
S^W^+ cation was present. 
The f a c t that the spectra i n concentrated n i t r i c and s u l f u r i c acids 
are e s s e n t i a l l y i d e n t i c a l to those i n anhydrous formic acid, a c e t o n i t r i l e , and 
methylene dichloride, suggests that the S-N,. cation i s not protonated i n the 
5 0 
former, strongly a c i d i c solvents, as might have been expected due to the presence 
of delocalised lone pairs in the ring. The spectrum would be expected to change 
on protonation, since the presence of an extra positive charge would tend to 
contract the d-orbitals on sulfur, and hence perturb the electronic o r b i t a l s , 
changing the spectrum. A stronger acid, (e.g. oleum or possibly "super a c i d " 
(HSO^P (Sb F ,.)) f412,413 m a y ^ e n e e ( j e d i n o r c L e r to effect protonation. However, 
protonation of S^N^+ should provide an i n t e r e s t i n g s i t u a t i o n because of the 
delocalisation of the lone pai r s i n the r i n g system to which the proton would be 
attached. The proton i t s e l f could therefore also be delocalised. 
+ 411 
Zahraduik has studied the u l t r a v i o l e t and v i s i b l e spectrum of S^N^ . 
The spectrum was interpreted using 7\-electronic LCI-SCP procedures. The 
calculated 7T-electron densities and bond orders (^0 . 5 ) were found to be f a i r l y 
uniform, supporting the idea that S^N^+ i s aromatic (see l a t e r discussion), This 
was also found to be true for the f i r s t and second excited s i n g l e t state; 
however, i n the (hypothetical) 16"7T anion, S^N^ , there are very low TT-bond 
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orders (<v0,15) at the open S-N bonds ( i . e . at the lower point of the'heart), 
— 278 4.11 
and t h i s represents a serious hindrance to electron d e l o c a l i s a t i o n i n S..N.- , ' 
5 5 
which i s therefore no longer aromatic. 
Concentrated s u l f u r i c acid was also s i m i l a r l y used as the solvent to 
record the u l t r a v i o l e t and v i s i b l e spectra of the S^NgCl^, S^N^+, SgNClg* s a l t s , 
and also of S^N^Cl. These spectra confirmed that they were a l l d i s t i n c t compounds, 
(See Appendix), but did not identify the decomposition product of S^N^+. 
379 
Nitrogen NQR work i s also being undertaken on S^N^ Al C l ^ . 
3. Structure of S.-N,-"1" 
The structure of the S^N* cation has been determined from an x-ray 
determination on a single c r y s t a l of SCN_ A1C1 410,414 ( p i g ^ e 
0 J 4 
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Figure 6.1 
137-7 
2-80 A 
109-1 
1-554 A 1-535 A 
1-590 X + 1-558 A 
T-582 A 1-465 A 
1-465A 1-536 A 
S5N; 
Mean esd= 0-009 A 
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The S^N(.+ ion i s almost planar, with a unique heart-shape, but without 
a mirror plane perpendicular to the ring. (The S-N distances at the "base" of 
the heart, 1.536 X and I . 4 6 5 S, are s i g n i f i c a n t l y d i f f e r e n t ) . 
The S^N,."*" ion has been shown to be a 14n;-electron system^"^'^''"''''^^ and 
has been considered as a member of a se r i e s of "electron-rich" aromatic s u l f u r -
nitrogen species, together with ^^-^ (107T-electron system) and S^NgCl* (pseudo 
6 T \-electron s y s t e m ) . ^ 0 * ' 1 ^ 
I n S(.N,-+, each s u l f u r atom i s considered to provide four bonding electrons 
from both p- and d-orbitals and each nitrogen three bonding electrons. (Figure 6 .2) 
Figure 6.2 
i . e . 
2s 2p 
N: He + 1 I 1 1 1 
lone p a i r bonding electrons 
* 
S: Ne + 3s 3p 3d 
n 1 1 1 1 
lone pair bonding electrons 
Each atom u t i l i s e s two electrons to form the 6-bonds of the r i n g 
framework, leaving s u l f u r with two electrons, and nitrogen with one, to form a 
delocalised 7Y-system around the ring. I n the case of S^N^+, the 7T-electron 
count i s : 5 x 2 + 5 x 1 - 1 = 14 7Y, which i s a member of the (4n + 2) Huckel 
s e r i e s of aromatics. S i m i l a r l y , for S^N^, the electron count i s : 4 x 2 + 3 x 1 - 1 
= 10 7T . 
+ + 
I n S,-N(. and S^N^ , each atom also has a "non-bonding" pair of electrons, 
contributing to the electronic structure. 
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+ 288 The structure of S^N^ i s unusual i n several other ways: 
( i ) The wide bond angles at the nitrogen atoms (between 137 and 178°) 
indicate extensive in-plane lone-pair delocalisation, since t h e i r stereochemical 
a c t i v i t y i s greatly reduced, enabling the bond angle to open up considerably. 
105 
This was confirmed by the a l l valence electron SCFMO treatment of Adams et a l , 
therefore, the 10 "non-bonding" electron pairs are not e n t i r e l y non-bonding. 
( i i ) The shortest S-N r i n g distances known (1 .465 A) are shown by the almost-
l i n e a r l y co-ordinated nitrogen atoms (bond angles 177»1° to 177«3°) i n S^N^+. 
Thus, each of these nitrogen atoms has two multiple MS bonds, the distance of 
one being close to that of 1.446 X i n N = S-F,^^ which has been considered to 
417 
have a bond order of 2.7. 
( i i i ) The rin g distances are so short (average S-N bond length = 1.54 A) that 
the sulf u r atoms on either side of each nitrogen atom are closer than the 
0 140 
Van der Waals diameter for sulfur of ca. 3«70 A. The shortest "non-bonded" 
S-S distance (2.80 X) i s at the "top" of the heart, where there i s considerable cross-ring S-S interaction. Ring distances are also short i n the 10 7T system 
i S-N bond li 
262,263,264 
S.N_+ (average ength =1.55 A ) , 2 ^ which i s the only other planar SN 4 3 
species known. 
The + + short r i n g distances i n S.-N,- and S.N, are l e s s surprising when one 
5 5 4 3 
c a l c u l a t e s the average number, n, of and 7Y electrons per SN bond. For S^N^+, 
+ + n = 3»40 , and for S^N^ , n = 3«43« Thus each r i n g atom i n S^N^ exercises an 
apparent covalency (on average) of 3»40 . Alternatively, by considering bond 
length as an indication of bond order, the maximum apparent covalency of a 
nitrogen atom, using Glemser*s d a t a ^ ^ i s about 3«9^ (I . 4 6 5 A corresponds to a 
o 
bond order of ca. 2.2 and I . 5 3 6 A to ca. 1.7)• This high bond order i s 
p a r t i c u l a r l y remarkable for the nitrogen atoms, which a l l carry a negative 
charge. 
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The covalency of neutral nitrogen i s normally limited to 3f and N + to 4» 
so that negatively charged nitrogen should exhibit a covalency of l e s s than 3» 
This unusually high apparent covalency can be explained by the delocalisation of 
the lone p a i r s on the nitrogen atoms into the vacant sulfu r d-orbitals, as well 
as the 7T bonding perpendicular to the ring. This lone p a i r d e l o c a l i s a t i o n 
greatly reduces t h e i r stereochemical a c t i v i t y , thus also enabling the bond angles 
to increase. This i s evident throughout the S^ N,.+ ring, p a r t i c u l a r l y at the 
"pointed" base of the ring, where the S-N-S bonds are almost l i n e a r . 
The extensive T\ and lone p a i r delocalisation, and the high bond orders 
i n S^N(.+ and S^N^+, no doubt contribute to the s t r i k i n g chemical s t a b i l i t y 
( p a r t i c u l a r l y under acid conditions) of the s a l t s . A further consequence i s 
that s a t i s f a c t o r y sets of canonical structures cannot be written. This perhaps 
explains why S^N^+ was not e a r l i e r recognised as being one member of a pote n t i a l l y 
large c l a s s of sulfur-nitrogen aromatic species, of which S^N^+ i s also a member. 
This d i f f i c u l t y i s also evident from the numerous unsuccessful attempts by 
e a r l i e r workers to r a t i o n a l i s e the structures of other sulfur-nitrogen species 
such as S^N^+ using c l a s s i c a l valence theories. 
I t i s because of the apparent excess of electrons over those required 
for "normal" covalent bonding, and also the impossibility of writing s a t i s f a c t o r y 
impounds 
418 
termed "electron r i c h aromatics". 
canonical structures, that co of the s e r i e s : ^/jN^ and S^N^+ have been 
4. Recent Studies of S^N,."*" 
j J 
Two compounds of the general formula: S^N^Og have recently been 
p r e p a r e d . 4 4 0 ' 4 4 1 They were formed when a solution of (CH,), Si-N=S=N-Si (CH,), 
5 3 3 3 
(0 .2 mole) i n 50 ml. of methylene chloride was added with s t i r r i n g over 5 hours 
to a solution of PSOg N=S=0 (0 .2 mole) i n 250 ml. of methylene chloride, and 
then refluxed for about 1 hour u n t i l the evolution of sulfur dioxide had ceased. 
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Th e v o l a t i l e products: S0_, (CH_), S i F , (CH,),* Si-NSO and the solvent were 
* 3 5 5 5 
removed i n vacuo, and the l i q u i d residue digested with JO ml. of methylene 
chloride. The s o l i d residue was removed by f i l t r a t i o n . After several days 
away from the f i l t r a t e , violet-black needles ( i ) were deposited, which were 
recovered by f i l t r a t i o n . When a few m i l l i l i t r e s of solvent were removed from 
the f i l t r a t e , yellow needles ( i l ) were formed.^"'" 
Compound ( i l ) was shown to be monomeric i n the gas phase, and from 
elemental analysis, infrared and mass spectra, the structure (Figure 6 .3) was 
, 441 assigned. 
Figure 6.5 
r 
s 
N N
0 
\y s,N,o2ai) 
Compound ( i ) v/as characterised by elemental a n a l y s i s , infrared spectrum 
and x-ray analysis. The mass spectrum gave only S^N^ as an i d e n t i f i a b l e 
decomposition species. 
The x-ray c r y s t a l structure showed that ( i ) consisted of an S^N^+ cation 
and an S^N^O^" a n i o n . ( F i g u r e s 6.4 and 6 . 5 ) . The s c > N t j + cation i s planar 
(implying that i t i s a 147T electron r i c h aromatic system), but i s of a different 
shape to the "heart-shaped" S^N^+ cation previously described, being a "figure 
•8' shape" but without transannular bonding (Figure 6 . 4 ) . This i s the f i r s t 
time that an aromatic system has been shown to e x i s t i n more than one conformation, 
and further demonstrates the unique properties of t h i s unusual cation. 
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The anion also i s new and unusual. I t consists of an S,N, ri n g with 
alternating S and N atoms i n a c h a i r conformation, with two p a i r s of oxygen 
atoms bonded to two sulfur atoms, the thi r d sulfur atom not being bonded to 
any exocyclic group (Figure 6 .5) This i s the f i r s t time that t h i s anion has 
been reported. The structure i s somewhat s i m i l a r to the sulfanuric halides, (e.g. 
SjN^CljO^), and therefore might be considered to be related to these compounds. 
The SN bond distances i n the S j j N c j + cation are a l l almost equal 
(1.55 to 1.58 A) which i s s l i g h t l y longer than those observed for "heart-shaped" 
S,_NC+ (average bond distances S-N = 1.54 X) and so corresponds to a short S-N 
bond distance, once again indicating the existence of electron-rich aromatic 
bonding i n the system. 
The reasons why SCN.-+ should e x i s t i n two different conformations are 
5 5 
not yet c l e a r , but i t may be that both conformations have a very s i m i l a r energy 
and that c r y s t a l l a t t i c e forces or conditions of c r y s t a l l i s a t i o n determine the 
conformation adopted. I t would therefore be inte r e s t i n g to see i f i t i s 
possible to convert one conformational structure of S^N^+ into the other; for 
example, by changing the conditions of c r y s t a l l i s a t i o n (e.g. by varying the 
solvent or by rapid c r y s t a l l i s a t i o n ) , or by changing the anion to vary the 
c r y s t a l forces. 
Further work i s continuing on these compounds. 
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Figure 6.4 
N 1-58 A 
132-7° S S 108-8° 
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Figure 6.5 
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5. Other Members of the "Electron-Rich Aromatic" 
418 
Sulfur-Nitrogen Series 
The recognition of S^N^+ and S^ W^ +, as members of a hitherto 
unrecognised se r i e s of "electron-rich aromatic" sulfur-nitrogen s e r i e s , 
implies the existence of other members of t h i s s e r i e s , yet unprepared. Their 
existence can be predicted on the basis of there being the correct number of 
T - e l e c t r o n s i n the "aromatic" r i n g system, the "correct number" being a 
member of the Huckel ser i e s for aromatic compounds, i . e . ( 4 n + 2 ) where n i s 
in t e g r a l . The f i r s t members of t h i s s e r i e s being: 2, 6, 10, 14 etc. 
Assuming, as before, that s u l f u r contributes two electrons to the 
7T system, and nitrogen one electron, ( i n addition to those used for 
bonding and "lone-pairs"), Tables 6.1 and 6.2 can be constructed, for the 
number of TT-electrons i n any sulfur-nitrogen r i n g system. 1 0^ 
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Table 6.1 
TT -electron counts for Neutral SxNy species: 106 
No. of N 
atoms, y 
1 
2 
3 
4 
5 
6 
7 
No. of S atoms, x 
2 3 4 
3 
4 
Unstable 
5 
_6_ 
7 
8 
7 
8 
9 
10 
11 
10 
11 
12 
13 
14 
Weakly contracted 
sulfu r d 
orb i t a l s 13 
14 
15 
16 
17 
' ' 16 
17 
18 
19 
Table 6.2 
7T-electron counts for unipositive SxNy + species: 
No. of N 
atoms, y 
1 
2 
3 
4 
5 
6 
3 
Unstable 
No. of S atoms, x 
2 3 4 
4 
5 
T 6 
_6_ 
7 
8 
'I 9 
9 
10 
11 
~f 12 
Weakly contracted 
s u l f u r d 
12 ' or b i t a l s 
13 
14 
15 
15 
16 
17 
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I n the tables, those species with the correct number of 7T-electrons 
have been underlined once, and the known species underlined twice. i s 
not included, since i t i s an example of cage bonding, rather than electron-
r i c h aromatic bonding). 
To achieve maximum s t a b i l i t y , as well as having the correct number 
of 7\-electrons, the species should also have roughly the same number of 
sulfur and nitrogen atoms; t h i s i s because: 
( i ) Monocyclic compounds containing more nitrogen than sulf u r require 
the presence of N-N bonds. The N-N single bond i s weak (38.4 K.cal/mole) f ^40,419 
but t h i s i s due to lone pair-lone pair repulsions between nitrogen atoms which 
weaken the bond. I t has been calculated that, i n the absence of these 
419 • 
repulsions, the N-N single bond would be considerably stronger (94.7 K.cal/mole ), 
I n the case of electron r i c h aromatic compounds, such as S^N^+ and S^N^+, the 
stereochemical a c t i v i t y of the lone pai r s on nitrogen i s greatly reduced, due 
to t h e i r delocalisation into the vacant d-orbitals of adjacent sulf u r atoms. 
Since a nitrogen atom does not possess d-orbitals, lone pair delocalisation 
cannot occur along a nitrogen-nitrogen bond, and therefore each nitrogen atom 
must be d i r e c t l y bonded to at l e a s t one sulfur atom for lone p a i r delocalisation, 
and the consequent increased s t a b i l i t y , to occur. Monocyclic compounds with a 
large excess of nitrogen would therefore probably be l e s s stable. 
Since, however, the N-N single bond i s strong i n the absence of lone 
p a i r repulsions as noted above, electron r i c h aromatic compounds containing 
N-N bonds should e x i s t and be stable, although none have so far been prepared. 
The 7T delocalisation would further help to strengthen the N-N bond. 
( i i ) I t i s a c h a r a c t e r i s t i c feature of S^N^+ and S^N^+, that each sulfur 
105 
atom c a r r i e s a positive charge, and t h i s probably a s s i s t s i n s t a b i l i s i n g the 
107 
sulfur d-orbital contributions to the bonding, therefore a combination of 
sulfur with the more electronegative nitrogen, and the presence of a cation 
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237 charge favours s t a b i l i t y . I n S^Ng, the sulfur atoms are i n the 1,3 position, J 
and the compound readily disproportionates to S^N^ and sulfur. This suggests 
that each s u l f u r atom i n a stable aromatic sulfur-nitrogen system requires at 
l e a s t one d i r e c t l y attached nitrogen atom, and that s u l f u r d-orbital 
contributions weaken with the reduction of the N/S atomic r a t i o . Therefore, 
an area of "maximum s t a b i l i t y " (See Tables 6.1 and 6.2, Page 194J can be 
established i n the tables, where there i s approximately the same number of 
sul f u r and nitrogen atoms. 
A l l the known "electron r i c h aromatic" species are included i n the 
tables; these are: SgN^ and S^ N,, (n e u t r a l ) , S^N^+ and S^N^+ (unipositive) and 
SN + (formally included, although obviously not a r i n g ) . N^^ "*" a n c* 5^^ 5"*" 3 X 6 
planar, and SgNg and S^Ng are thought to be planar. (A planar system allows 
maximum overlap of the 7Y o r b i t a l s ) . No anions have yet been prepared, so the 
eff e c t of the negative charge i n d e - s t a b i l i s i n g the 7T-bonding by expanding 
the d-orbitals on sulfur, i s not known. Compounds containing N-N bonds have 
also not yet been prepared, but may well be preparable. The table allows 
other yet unprepared members of t h i s s e r i e s to be predicted. (Table 6.3) 
Table 6.3 
e.g. Anionic Neutral Cationic 
S 3N 3" (107T) S 3N 4 (107V) S 2 N 5 + (67T) 
S 4N 6 (147V) S 5 N 2 2 + (670 
S 5N 4 (147V) S 6 N 4 2 + (1470 
SgNg (l87v) S 6 N y + (187V) 
S 8 N 8 2 + (227T) 
S 9 N 9 + (267V) 
-197-
Most of these species would be unstable with respect to 
disproportionation or decomposition, e.g. SgNg would probably be unstable, 
y i e l d i n g S.N.; and S.N, would probably decompose to S N. and nitrogen; 4 4 4 0 4 4 
2+ *t* 2+ o • however others, e.g. S,N„ , SJJ., S,-N_ , SJtf, and SxN„ could be stable 
0 5 4 0 7 j o ° 4 2+ + 
and preparable, as could SQNQ and S^N^', which are the next members of the 
s e r i e s to contain only S-N bonds. These l a s t two, being large rings, may 
exhibit unusual conformations and bonding, as i n SCN,.+. 
0 5 
I t would be of importance to be able to synthesise some of these 
electron r i c h aromatic systems, p a r t i c u l a r l y those containing N-N bonds, as 
i t would be of great i n t e r e s t to determine the N-N bond lengths v/hich should 
be short and of high 'bond order 1, and also as a possible route to nitrogen 
113 
f i x a t i o n , y since because of t h i s high bond order, the energy required to 
convert the nitrogen-nitrogen t r i p l e bond ( i n molecular nitrogen) (226 K.cal/mole)^^ 
into the N-N bond i n these compounds, would be r e l a t i v e l y small, and should be 
e a s i l y made up by the 7T-delocalisation energy, on formation of the ring. 
Hydrazine (NgH^) and azides (N^ ) may be a useful source of N-N bonds 
for the synthesis of such compounds, although the use of such reactive compounds 
113 
as azides may be hazardous. Other possible routes include sulfur abstraction 
from other sulfur-nitrogen compounds, and the use of organic N-N compounds 
( t r i a z o l e s , tetrazoles, e t c . ) ^ " ^ 
Many more sulfur-nitrogen Huckel structures can be formed by i n s e r t i n g 
a group which provides no further 7Telectrons, for instance, i n s e r t i n g 
CI - S 1 ^ into S_N_, yi e l d s S_N 0C1 + which i s known to be a (pseudo) 6 7\ system, 1 0^ 
£ c. y £ 
for although not s t r i c t l y aromatic (since the s u l f u r bonded to the exocyclic 
189 
chlorine i s out of the plane of the ring, and therefore 6" - 1\ s e p a r a b i l i t y 
does not s t r i c t l y hold) there i s s t i l l considerable 7Tdelocalisation, with the 
105 
s u l f u r atoms having a positive charge. Other s i m i l a r groups which could also 
be inserted are: 0 = S ^  °2 S\» 0 = P \ » C l B ^ a n d PhC 
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Other Huckel species could be formed by replacing atoms or groups by-
other atoms or groups which provide the same number of TTelectrons; for 
instance, replacing the C l - S ^ group i n S^NgCl* by R-C (R = organic group) 
y i e l d s compounds of the type SgNgCR"*" A~ (A~ = C l ~ or other anion). These 
/tip A on 
compounds are known where K = CgHj., UCl^ or (CH^)jC #" r"~ ," T Carbon atoms 
with exocyclic groups could also replace nitrogen i n any inorganic aromatic 
r i n g system, giving a whole range of new ri n g systems: e.g. RCS^N 2 +, RR'CgS^N1"; 
RR'R,'C^S^+, a l l formed by replacing N by C-R i n and s i m i l a r l y for 
S^N,-+. The carbon atom would not destroy the planarity of the ring, and since 
the carbon atom i s also bonded to an exocyclic group which can be varied 
without changing the aromatic character of the r i n g system (whereas sulfur and 
nitrogen do not have any exocyclic group bonded to them i n such compounds), the 
va r i e t y of compounds that could be prepared i s greatly increased. 
Electron r i c h aromatic ri n g structures with positive charges greater 
than one, e.g. S^Ng , SgN^ and SQNQ should be preparable, and the extra 
charge may enhance t h e i r s t a b i l i t y by causing the s u l f u r d-orbitals to contract 
even more, thus achieving better overlap with the IX system, and could also allow 
2+ 
a higher S/N r a t i o , cf:Sg . 
Other elements as well as carbon, could also replace sulfur or nitrogen. 
v ^ , 
For example, sulfur could be p a r t l y or completely replaced by R-P ^ (no 
phosphorus lone pair, and R preferably electron withdrawing). There are 
apparently no such phosphorus compounds known. Arsenic could also be s i m i l a r l y 
used, and the compounds (Figure 6.6)are known. 
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Figure 6.6 
N N and CH 2 - As ^As - CH_ I I 5 \ / 5 
S 5 ^ ^ 
( ' ) ( i i ) 
One disadvantage with such compounds i s that the " TX path" may probably 
be interrupted at the arsenic atom, thus reducing the s t a b i l i s a t i o n due to 
7T delocalisation, and i t i s probable that there i s l i t t l e 7\ delocalisation 
i n these compounds. 
A further p o s s i b i l i t y i s for selenium to replace s u l f u r , and the 
cation S,N,Se+ (a selenium analogue of S.N,+) may have been formed i n the 5 5 4 5 
reaction of S^N^ with Se^Cl^ i n thionyl chloride. 
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(D) Reactions of the S^ .N^ + Cation 
The reactions of the S s a l t s i n which one anion i s exchanged for 
5 5 
another through reaction with concentrated acids, through metathetical 
reactions i n anhydrous formic acid or by displacement reactions i n thionyl 
chloride i n which the S^ N,-+ cation remains i n t a c t , have already been discussed 
( t h i s Chapter). A study was therefore made of the reactions of the SCN.-+ cation 
5 0 
to determine i t s use as a s t a r t i n g material for other sulfur-nitrogen compounds. 
1. Reaction between S^ K^ . AlCl^, (NSCl), and A1C1, 
The reaction of S..N,. A1C1. with (NSCl), and A1C1, was carri e d out i n 5 5 4 '3 3 
an attempt to produce SgNg 2 + 2 A l C l ^ . According to B a n i s t e r , 1 0 1 ' 1 1 ^ S6 N6^ + 
could be an 8 electron p a i r cage species rather than a l 6 i \ electron system, 
(since "electron r i c h aromatic" compounds require 6, 10, 14 f 18nelectrons 
e t c . ) . An 8 electron p a i r cage would have 7 corners, e.g. based on a pentagonal 
bipyramid,'*'^ and would be i n the same se r i e s as S^N^, (which with S^ N^ O are 
the only SN cage compounds of t h i s type). 
The reaction would be: 
£ (NSCl) 5 + A1C1 5 + S 5 N 5 A1C1 4 > S 6 N 6 2 + 2 A1C14~, possibly v i a 
the (NSCl)^, A l C l ^ adduct, which would add NS + to the S^N^+ r i n g to give SgNg2"*". 
Trichlorocyclotrithiazene (WSCl)^ (0.8021g), A l C l ^ (3.9271g) and 
A l C l j (l.312g) (molar r a t i o 1:3:3) were mixed together i n a dry box, transferred 
to a round bottomed f l a s k and slowly heated while s t i r r i n g under nitrogen. No 
apparent reaction occurred u n t i l ca. 50°C, when the mixture (orange-yellow) 
turned a darker colour. The mixture melted at ca. 70° to 80°C ( i n d i s t i n c t 
melting point) and i t was allowed to remain molten for ca. 15 minutes at ca. 80°C, 
and then allowed to cool to room temperature. A dark brown s o l i d was gradually 
formed on cooling. An infrared spectrum of the s o l i d was complex, and apart 
from some s t a r t i n g material, no other compounds could be i d e n t i f i e d , although 
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i t showed that a reaction had taken place. 
The experiment was continued by again heating the s o l i d to ca. 80°C 
for ca. 2 hours under dry nitrogen, cooling and then adding thionyl chloride to 
dissolve any reaction product. On removing some of the thionyl chloride by 
d i s t i l l a t i o n , and cooling to -10°C, c r y s t a l s were formed, but an infrared 
spectrum showed that they consisted of unreacted s t a r t i n g material, the only 
other i d e n t i f i a b l e product being S^N^. The remaining products were probably 
a mixture, since the spectrum was i n d i s t i n c t , but may contain new s u l f u r -
nitrogen species. 
The reaction was also c a r r i e d out i n thionyl chloride solution, but 
S(.Nc- A l C l ^ did not react, and only the (NSCl)^, 2 A l C l ^ adduct was formed from 
the (NSCl)^ and A l C l ^ 
2. Reaction between S.-N,- A1C1. and S.N. 51.5 4 4-4 
The reaction between S^N^ A l C l ^ and S^N^ was an attempt to produce the 
cation S QN_ +, through the reaction: 
7 7 
S.-N + A1C1." + S.N. > S QN Q + A1C1." 
5 5 4 4 4 ^ 9 9 4 
S^N^+ could be a 26TVmember of the "electron r i c h " aromatic s e r i e s , 
previously noted (Pagel96 ) , or a l t e r n a t i v e l y could be based on an icosahedral 
s t r u c t u r e . ( 1 3 electron p a i r s ) . 
The reaction may well be thermodynamically favoured, since S^N^ i s an 
endothermic compound (standard heat of formation of S^N^ ( s ) = + 110.0 - 2.0 
27 + K.cal/mole ) , and since S QN Q i s expected to be stable due to i t s aromatic 7 7 
nature. (The reaction of the (NSCl)^/metal chloride adducts with S^N^ to 
product S^N^+ s a l t s (see previously), i s thermodynamically favoured for s i m i l a r 
reasons). 
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Tetrasulfur t e t r a n i t r i d e ( S ^ ) (l»798g) and S,-N^  A l C l ^ (0.830g) were 
mixed together dry ( i n 1:1 molar r a t i o ) and gradually heated while s t i r r i n g 
(orange powder). There was l i t t l e reaction u n t i l about 140°C, when the 
mixture began to melt; a dark red l i q u i d was formed and the mixture was 
maintained at ca. 140"C for about 5 minutes. The mixture was then cooled, 
and thionyl chloride added to the cooled (dark red) s o l i d . The s o l i d 
immediately changed colour to a very dark red, showing that an ov e r a l l 
reaction had occurred. An infrared spectrum did not show any i d e n t i f i a b l e 
products, apart from possible traces of s t a r t i n g material, but presumably 
other compounds had been formed i n the reaction, some of which may have been 
new and unidentified sulfur-nitrogen species, so that these types of reaction 
are worth further investigation. 
The reaction was also c a r r i e d out i n thionyl chloride solution, but 
the S(JV,- A l C l ^ did not react, and the S^N^ gradually decomposed to eventually 
form S.N,C1. 4 3 
3. Attempted Reaction Between S.-N.. A l C l ^ and C C1,CN 
In order to investigate possible routes to carbon containing s u l f u r -
nitrogen r i n g systems(see Page 198), the reaction between S.-N.. A1C1. and 
5 5 4 
CC1,CN was studied, since a reaction between a c e t o n i t r i l e and S.-N.- A1C1. had 3 5 5 4 
184 
been observed, but the products could not be id e n t i f i e d . 
SJ-NJ. A l C l ^ (2.7825g) was s t i r r e d at room temperature with 30 ml. of 
tr i c h l o r o a c e t o n i t r i l e (C Cl^CN) for ca. 18 hours, with l i t t l e apparent reaction. 
S CN C A1C1. i s only sparingly soluble i n CC1,CN, so that any reaction would be 5 5 4 3 
expected to be slow. The mixture was then heated with s t i r r i n g to ca. 70°C for 
ca. 4 hours, and then allowed to cool, yielding a yellow pr e c i p i t a t e and a 
yellow solution as before. The yellow precipitate was f i l t e r e d off and pumped 
dry i n vacuo, yielding a yellow powder which was shown to be s t a r t i n g material 
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(S(-N(. AlCl^) by infrared and u l t r a v i o l e t spectroscopy, with no indication of 
other compounds present. Evaporation of the yellow solution gave a yellow 
powder, which was s i m i l a r l y i d e n t i f i e d to consist mainly of S^K^ AlCl^, with 
a small amount of impurity (possibly containing S^N^+) which was probably 
present i n i t i a l l y i n the s t a r t i n g material. 
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(E) Reactions of the S^N,-+ Cation - Discussion 
Neither of the f i r s t two reactions studied (S^N^ AlC l ^ , + (NSCl)^ + 
Al C l ^ and S^N^ A l C l ^ + S^N^) both i n the melt and i n thionyl chloride solution, 
produced any i d e n t i f i a b l e new sulfur-nitrogen species, although some new and 
unidentified species may have been formed. Due to the s t a b i l i t y of the S^ N,-+ 
ring, reaction conditions i n thionyl chloride solution were not s u f f i c i e n t l y 
forcing, and so a reaction i n the melt was used. F a i r l y high temperatures 
had to be used (ca. 140°C for the second reaction), before the mixture melted 
so that decomposition of possible reaction products could have occurred. The 
A l C l ^ anion i s perhaps not a very suitable anion, being too small to adequately 
s t a b i l i s e the large S QN n + cation, a larger anion, e.g. Ph.B might be better. 
7 7 4 
The reaction of S..N.- A1C1. with CCl-CN was ca r r i e d out as an i n i t i a l 5 5 4 3 
experiment to try to substitute carbon into an aromatic sulfur-nitrogen ring. 
The reaction may be possible because: 
"I OA 
( i ) S5^5 ^"^4 r e a c ' t s wi* 1 1 a c e t o n i t r i l e (as described on Page 202 ) , and 
t h i s may be due to the production of a new carbon-containing compound, or by 
decomposition due to the presence of either the n i t r i l e group, or of the 
methyl group. The use of C Cl^CN could at l e a s t help to distinguish between 
the l a s t two p o s s i b i l i t i e s . 
( i i ) Reaction of S^NgClg or (NSCl)^ with refluxing C Cl^CN produces good 
y i e l d s of C C I , CSJN 0 +C1~, which, as has been previously discussed (Page 198 ) , 
i s an electron r i c h sulfur-nitrogen aromatic ring containing carbon,»420 
and a s i m i l a r reaction might occur with S^N^+ s a l t s . 
Although no reaction took place, the experiment demonstrates the use 
of CCl^CNas a purifying solvent for s i j N c j + s a l t s , since some impurity was 
removed by the CCl^CN, and i t also shows that the decomposition of S^N^ A l C l ^ 
i n a c e t o n i t r i l e , previously observed was due to the methyl rather than the 
n i t r i l e group. 
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F i n a l l y , t h i s sequence of reactions further demonstrates the 
s t a b i l i t y of the S_N,-+ ring, previously discussed. 
THE PREPARATION. PROPERTIES AND STRUCTURE OF 5,N„C1 
<r-^— 
AND ITS DERIVATIVES 
-206. 
CHAPTER 7 
The Preparation, Properties and Structure of S,N^C1 and 
i t s Derivatives 
(A) Introduction 
255 
The compound S^NgCl has been known since 1880, as a very dark 
green powder, formed when S^^Cl^ decomposes i n vacuo at 80° to 90°C.^2'2^^ 
I t analysed to S^N^Cl, but i t s structure was unknown, since i t was apparently 
insoluble i n every solvent that i t did not react with. No c r y s t a l s suitable 
for x-ray analysis have therefore been made. 
I t was decided to undertake a study of t h i s compound, since very 
l i t t l e work had been previously undertaken. The properties and reactions of 
SjN^Cl were studied with p a r t i c u l a r reference to a determination of i t s 
structure by x-ray d i f f r a c t i o n methods, either by preparing S,N„C1 i n 
c r y s t a l l i n e form from a suitable solvent, or by preparing a c r y s t a l l i n e 
derivative. (See also Introduction, Chapter 1, Page 55J. 
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(B) Preparative Routes 
S^NgCl was prepared i n two ways: 
1, Action of Heat on S N„C1„ 
3 2"^  2 
Powdered S^NgClg was heated at 80° to 90° i n vacuo for about ^ hour, 
gradually forming very dark green S^l^Cl, ' (see experimental sect i o n ) . 
S^NgCl was i d e n t i f i e d by infrared and u l t r a v i o l e t spectra, and by a n a l y s i s . 
Infrared spectrum (nujol mull): 
1015 (w), 962 ( s ) , 943 ( s ) , 746 (w), 716 ( s h ) , 709 ( s ) , 699 ( s ) , 
667 ( s h ) , 584 ( s ) , 570 (w), 500 (w,b), 431 ("0 cm - 1. (See Appendix) 
Ul t r a v i o l e t spectrum (cone, s u l f u r i c acid solvent) (195-700 nm): 
X max. run £ (estimated for fresh soln. J 
356 9 x 1 0 2 
248.5 4.7 x 1 0 5 
219 ca. 3.5 x 10 5 
HC1 gas i s evolved on dissolution. 
The absorption at 219 nm. becomes more intense on standing and may 
be due to decomposition (see Appendix) since i t has not been i d e n t i f i e d with 
any known sulfur-nitrogen species. 
Analysis: 
Found % SJUC1 requires % 
S = 59.53 S = 60.24 
, . ^ y J = 17.91 N = 17.55 difference) 
CI = 22.56 CI = 22.21 
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2. Reaction of S^N^Cl^ with Anhydrous Formic Acid 
S,N,.Ci0 was found to react with anhydrous formic acid as solvent to 
y i e l d insoluble S^NgCl. 
Powdered S ^ C l g (x4*8936g) was s t i r r e d at room temperature with 
ca. 50 ml. of anhydrous formic acid. The orange S,N0C1_ gradually turned 
dark green (.S^NgCl) and gases were evolved (one was HC1, the other presumably 
COg). After the reaction had been completed (ca. 2 hours,) the precipitate 
(S^NgCl) was f i l t e r e d off and pumped dry in vacuo. S^NgCl was i d e n t i f i e d by 
i t s infrared and electronic spectra. The reaction was probably: 
2 S 5N 2C1 2 + HCOOH H G 0 0 H >2 S ^ C l + (X>2 + 2 HC1 
The y i e l d s of S^NgCl were higher, but the product was not as pure 
as the S^NgCl obtained by heating S^NgCl,, i n vacuo (method ( 1 ) ) , as shown 
by l e s s s a t i s f a c t o r y analysis figures and some S^NgClg was probably s t i l l 
present. 
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(C) Reactions of S-.ELC1 to Form C r y s t a l l i n e 
Derivatives for X-Ray Analysis 
I t was thought probable that S^NgCl was ionic or s u f f i c i e n t l y polar 
to allow the chlorine to be replaced as CI by another anion, and this was 
thought to be the best method of preparing a c r y s t a l l i n e derivative. S^NgCl 
was found to be s l i g h t l y soluble i n l i q u i d SO^ (the solution was coloured 
yellow) and decomposition did not appear to occur on dissolution, but no 
c r y s t a l s of S^N^Cl could be obtained on cooling and pumping off some solvent. 
Two of the many suitable anions for x-ray work are FeCl^ and A1C1^~ 
since the atoms are easy to locate by x-ray,and so the i n i t i a l work was 
concentrated i n preparing these derivatives. 
1. Reactions of SJLC1 with A1C1, and F e C l , i n 3-2 3 3 
Thionyl Chloride 
S^NgCl (0.8898g), and A l C l ^ (0.7432g) ( l : l molar r a t i o ) , were mixed 
i n ca. 10 mis. of thionyl chloride and s t i r r e d for ca. 12 hours. No apparent 
reaction occurred and S^NgCl, (insoluble i n SOClg) remained. The solution 
was therefore heated to ca. 50°C for ijr hour, during which time the S_N„C1 
dissolved and on cooling a c r y s t a l l i n e s o l i d precipitated out. The s o l i d 
was f i l t e r e d off and r e c r y s t a l l i s e d twice from thionyl chloride. Product: 
orange needle-like c r y s t a l s . An infrared spectrum showed that the product 
was S^ NgCl"*" A l C l ^ (see Chapter 5, Pagel5l)t by comparison with an authentic 
sample, prepared from S,N0C1_ and A1C1_ i n thionyl chloride. 
3 £ d 3 
The experiment was repeated, using a 1:1 mixture of S,N0C1 and FeCl 
J d 3 
i n thionyl chloride. Similar reactions occurred, and a yellow c r y s t a l l i n e 
compound was formed, which was r e c r y s t a l l i s e d from thionyl chloride, and 
,+ s i m i l a r l y shown to be S^NgCl FeCl^ 
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2. Reactions of S,N„C1 with A1C1, and FeCl, i n C C I . y-2 5 3— 4 
A l C l ^ (3.0240g) was dissolved i n ca. 50 ml. of dry C C l ^ , (non-
chlorinating solvent), and S ^ C l (3.6206g) added. The mixture was s t i r r e d 
for ca, 12 hours, and then refluxed for a further 12 hours. I n both cases, no 
obvious reaction occurred, only s t a r t i n g materials being observed i n an 
infrared spectrum; s i m i l a r l y no reaction was observed between S ^ t ^ C l and 
FeCl, i n C C 1 . . 
3 4 
3. Reaction of S,N0C1 with FeCl, i n Nitrobenzene 3—2 — j 
F e C l j ( 3»72g) v/as added to 50 ml. of nitrobenzene, together with 
SjN^Cl ( 3 » 6 6 l 3 g ) the mixture s t i r r e d for ca. 60 hours at room temperature. 
No obvious reaction occurred, although the solution became darker i n colour, 
and the reagents appeared to have dissolved. Petroleum ether was then 
added to the solution i n an attempt to cause p r e c i p i t a t i o n be reducing the 
s o l u b i l i t y , but t h i s was unsuccessful and removing the nitrobenzene i n 
vacuo, produced a very dark viscous o i l , which would not c r y s t a l l i s e . The 
reaction was not studied further. 
4. Reaction of S,N„C1 with FeCl, i n Chlorobenzene ——————y-2 • 5 
F e C l j (0.7994g) and S ^ C l (0.8629g) were added to ca. 15 ml. of 
chlorobenzene, and the mixture s t i r r e d at room temperature. As for nitrobenzene, 
only a dark viscous o i l was obtained on evaporating off the solvent, and the 
reaction was not studied further. 
5. Reaction of S,N„C1 with FeCl, i n Acetyl Chloride 3—^  3 
FeCl^ and S^N^Cl were added to ca. 50 ml. of acetyl chloride and the 
mixture s t i r r e d for ca. 24 hours at room temperature. A red, hygroscopic s o l i d 
was formed, and t h i s was f i l t e r e d o ff and pumped dry i n vacuo. IR and UV 
spectra showed that i t was not a derivative of S^N^Cl and possibly a reaction 
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product of acetyl chloride, (e.g. C H j C O + F e C l ^ ~ ) . ^ The reaction was not 
studied further. 
6. Reactions of SJU^Cl with A1C1, and FeCl, i n Liquid SO^ 
S ^ C l (2.0549g) and A l C l ^ (l.7l63g) were mixed i n a schlenk, and dry 
S0 2 condensed onto the mixture (ca. 50 ml. of l i q u i d SO,, used) and the mixture 
s t i r r e d at -23°C for ca. 24 hours. ( A l C l ^ i s f a i r l y soluble i n l i q u i d SOg, 
and SjNgCl s l i g h t l y soluble). The solution gradually turned a green colour, 
and a greenish precipitate formed. The SOg was allowed to evaporate off to 
h a l f bulk, and the solution cooled to -78°C to induce c r y s t a l l i s a t i o n . 
However, only powder was formed and eventually the precipitate was f i l t e r e d 
and the SO^ removed i n vacuo. The product was a yellow-green powder. The 
u l t r a v i o l e t spectrum was s i m i l a r to that of S^N^Cl i t s e l f , as was the infrared 
spectrum. The analysis was inconclusive; however, the product was amorphous 
rather than c r y s t a l l i n e and therefore unsuitable for x-ray determination. 
Similar r e s u l t s were obtained using FeCl, instead of A1C1_; the product 
3 3 
being a dark sparingly soluble powder. 
7. Reaction of S,N„C1 with A1C1, i n l i q u i d SO^ under pressure 
The reaction of S^N^Cl with A l C l ^ was repeated using l i q u i d SOg under 
pressure so that higher temperatures could be used. 
A1C1, (0.6233g) and SJT-C1 (0.5206g) were mixed i n a Carius tube with 3 3 « 
a s t i r r e r , and SOg condensed onto the mixture v i a a vacuum l i n e , u n t i l the 
Carius tube was ca. •§ f u l l ( c a . 100 ml. SOg). The tube was then sealed under 
vacuum (the SOg being frozen i n l i q u i d nitrogen) then allowed to warm up to 
room temperature behind a b l a s t screen and then c a r e f u l l y heated to ca. 55°C, 
•zaf. 
(10 atmospheres pressure) i n a water bath. Much of the s o l i d dissolved 
although some powder remained and on cooling the Carius tube slowly to -78°C, 
a few greenish needle-shaped c r y s t a l s were formed. The Carius tube was broken 
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under dry nitrogen, at -78°C, and the SO^ slowly pumped off under vacuum; 
however, the c r y s t a l s were l o s t during the removal of the solvent, and a 
greenish powder remained which appeared to be s i m i l a r to that obtained i n the 
previous experiment and so not suitable for x-ray work. The experiment was 
repeated with s i m i l a r r e s u l t s . 
8. Reactions between S,N„C1 and HS0,C1 
This reaction was car r i e d out either i n pure HSO CI as solvent or 
3 
using l i q u i d SOg as solvent. The reactions produced a c r y s t a l l i n e derivative 
of SjNgCl, and so were repeated several times to determine optimum conditions 
for c r y s t a l formation. 
( i ) Reaction i n pure HS0,C1 as solvent 
S 2N CI (2.5627g) was added to ca. 50 ml. of f r e s h l y d i s t i l l e d HS0,C1 
i n a round bottomed f l a s k under nitrogen. A rapid reaction occurred, and a gas 
was given off. (This was i d e n t i f i e d as HCl). A very dark brown solution was 
formed a f t e r the i n i t i a l reaction had been completed, although there was no 
p r e c i p i t a t e . The solution was allowed to stand under nitrogen at room 
temperature, for several days, occasionally pumping off a l i t t l e solvent 
under vacuum, (HSO^Cl has a b.pt. of 153°C,^8^ so that the vapour pressure at 
room temperature i s small). During t h i s time, very dark p l a t e - l i k e c r y s t a l s 
formed at the bottom of the f l a s k , together with a yellowish powder. The 
s o l i d was f i l t e r e d , pumped as dry as possible under vacuum, and then washed 
with a l i t t l e l i q u i d SO,,. (HSO^Cl and l i q u i d SOg are miscible). The c r y s t a l s 
were again pumped dry and hand sorted i n a dry box from the yellow powder 
(which was not further studied). The c r y s t a l s were again hand sorted for x-ray 
an a l y s i s , and suitable c r y s t a l s mounted i n glass c a p i l l a r y tubes for t h i s 
purpose. Some c r y s t a l s were found to be complex or twinned, and others had 
a fine layer of powder on the surface, but some s a t i s f a c t o r y single c r y s t a l s 
were eventually found and studied by I . Rayment ( t h i s Department).^^ 
- 2 1 3 -
UV spectra (cone, s u l f u r i c acid solvent) showed absorptions a t : 
Xm&X = 356 nm and 248.5 nm > (as for S^N^Cl). Extinction c o e f f i c i e n t s : 
3 3 & approximately 1 x 10 and 5 x 10 respectively. 
(The extinction c o e f f i c i e n t s could not he accurately determined, due 
to the small quantities available, but the values are approximately correct 
for a S,N0C1 derivative. The analyses were inconclusive for the same reason). 
3 « 
Infrared spectra: the c r y s t a l s were found to be d i f f i c u l t to mull, and hence 
a s a t i s f a c t o r y spectrum was d i f f i c u l t to obtain, however, the absorptions at 
ca. 96O ( s ) , 940 ( s ) , 700 ( s ) , and 580 ( s ) cm~\ indicated that the compound 
was an S N_C1 derivative. 
3 * 
( i i ) Reaction of S,N CI with HSO CI i n l i q u i d SO as solvent 
S,N_C1 ( l . 3 4 5 g ) was placed i n a schlenk and dry S 0 o (ca. 100 ml. l i q u i d ) 3 d d 
condensed onto i t . (S^NgCl i s s l i g h t l y soluble i n l i q u i d SOg). 0 .6 ml. ( s l i g h t 
excess) of HSO^Cl was then added to the s t i r r e d mixture under a back pressure 
of nitrogen. The solution rapidly turned a dark brown colour and a gas was 
evolved ( i d e n t i f i e d as HCl) showing that a reaction had taken place. The 
reaction mixture was allowed to s t i r at -23°C for several hours and then 
f i l t e r e d into the other limb of the schlenk. The SOg solution was dark coloured 
and a dark precipitate remained. The S 0 2 was then d i s t i l l e d back into the 
f i r s t limb of the schlenk, f i l t e r e d again, and a few dark c r y s t a l s were formed 
i n the other limb, on evaporation of the SO^. This was repeated several times, 
the SOg being used to extract the precipitate from the f i r s t limb, f i l t e r e d 
into the second limb and then evaporated from there back into the f i r s t limb, to 
deposit a few c r y s t a l s and to repeat the process once again. 
Eventually quite a few c r y s t a l s had been formed, and there was also no 
other contaminating s o l i d . The SOg was then pumped out of the schlenk and the 
c r y s t a l s removed from the schlenk i n a dry box. 
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UV and IR spectra indicated that these c r y s t a l s were the same as 
those previously obtained, using pure HSO^Cl as solvent, however, since most 
of the c r y s t a l s were twinned or complex, rather than being single c r y s t a l s , 
422 they were l e s s suitable for x-ray analysis, than those previously obtained. 
However, the experiment showed that t h i s i s an alternative method for preparing 
the SjNgCl derivative and a different r e c r y s t a l l i s a t i o n procedure should 
produce suitable c r y s t a l s for x-ray anal y s i s . 
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(D) S^H^Cl Discussion 
1. Preparative Routes 
The reaction of S^NgC^ with anhydrous formic acid to y i e l d S^NgCl 
has not been previously reported. The reaction i s i n t e r e s t i n g since i n the 
overall mechanism, the S-Cl bond i n S^^Cl^ has been reduced to sulfur, 
(eliminating chlorine as HCl), and t h i s type of reaction may be of importance 
i n removing other a c y c l i c chlorine atoms attached to s u l f u r , while leaving 
the r e s t of the molecule i n t a c t . 
The other preparative route, by heating S^N^Cl^ i n vacuo, has 
already been discussed. (See Introduction, Page 55) . 
2. Reactions with Metal Chlorides and with HS0,C1 
The structure of S^NgCl was unknown, but i t was thought that the 
chlorine may be present as ionic chloride or at l e a s t as a polar bonded 
chlorine which may be replaceable by other more suitable anions. Waddington 
and Lynch (Durham), have studied S,N0C1_ and S,N CI by measurements of the 
chlorine NQR frequencies at 77°K i n the region expected for chlorine covalently 
bonded to sulfur (13.0 to 44.0 MHZ). For S^NgClg, signals were detected at 
29.02 MHZ for "^Cl and at 22.91 MHZ for ^'Cl as expected for the known 
189 
structure of S^N^Clg which contains a covalent chlorine sulfu r bond. I n 
contrast to t h i s , no signal was detected i n t h i s region for S_N0C1, implying 
that the chlorine i s e s s e n t i a l l y i o n i c . (Completely ionic chlorine would 
give no signal at a l l ) . 
( i ) Reactions with metal chlorides 
The f i r s t reactions attempted were based on analogous reactions v/ith 
S.N,C1 and S,N_C1_ where the addition of a chloride ion acceptor (A1C1-. or 
F e C l ^ ) , forms S^"*" MC14~ and S^NgCl* MC14" (M = Al,Pe). These anions are 
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422 very suitable for x-ray work. The main problem, i n the case of S,N_C1, 
was the choice of a suitable solvent. SOClg was found to be unsuitable since 
SjNgCl i s chlorinated by the solvent to S^NgClg* which then reacts with the 
metal chloride (chloride ion acceptor), i n the normal way to give the S^N^Cl* 
The organic solvents, nitrobenzene, acetylchloride, chlorobenzene and 
carbon tetrachloride were also unsuitable since side reactions appeared to take 
place with the solvent, probably as a r e s u l t of reactions taking place between 
the metal chloride and the solvent and no useful product was obtained. I n the 
case of carbon tetrachloride, no reaction at a l l occurred. 
Liquid s u l f u r dioxide appears to be the best solvent so f a r found, 
since i t i s an i n e r t solvent i n which S NgCl dissolves s l i g h t l y without 
apparent decomposition and aluminium chloride i s also soluble without 
decomposition. The products produced from the reaction of S,N CI with A1C1_ 
3 c 3 
i n l i q u i d SO^, both at low temperatures and under pressure could be the impure 
tetrachloroaluminate derivative of S^N^Cl but unfortunately the product was 
not c r y s t a l l i n e , and so was unsuitable for x-ray structure determination. 
( i i ) Reactions with HS0,C1 
The reactions of S,N_C1 with HS0,C1 to prepare a c r y s t a l l i n e derivative 
3 * 3 
268 272 + 
were based on the reactions of S^N^Cl ' and S^ N,. s a l t s ( t h i s t h e s i s ) with 
concentrated acids, where HC1 i s eliminated, and the appropriate anion from the 
acid, replaces the chloride or chloro-metallate ion; and also on the observation 
that SjNgCl reacts with concentrated s u l f u r i c acid to eliminate HC1, and to 
form f a i r l y stable solutions (as determined by TJV and v i s i b l e spectroscopy). 
S u l f u r i c acid i t s e l f i s obviously not a very convenient solvent to use for 
c r y s t a l l i s a t i o n , due to i t s high b o i l i n g point, and high v i s c o s i t y , although 
— 256 2o6 S.N, HSO ~ can be prepared from S.N_C1 and concentrated s u l f u r i c acid, 3 ' 4 3 4 * * 4 3 
so that i n i t i a l l y at l e a s t , chloro-sulfonic acid, HSO^Cl, was chosen since i t 
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has a lower boiling point, i s l e s s viscous but i s s t i l l r e l a t e d to s u l f u r i c 
+ - 272 acid. S.N, SO, CI can also be prepared by reaction of S.N,C1 with HS0,C1, 1 4 3 3 * * * 4 5 3 » 
(or S O , ) 2 7 5 as can S,N nCl + S0,C1~ from S,N„C1« and HS0,C1, 2 8° and i t was hoped 3 3 * 3 5 d d 3 
that a s i m i l a r derivative could be made from S,N„C1. 
3 * 
HC1 was evolved on dissolution both i n pure HSO CI and i n HSO CI 
3 3 
dissolved i n l i q u i d SOg indicating a reaction of the type: 
S2N_C1 + HSO CI > "S-N. S0-C1" + HC1 
j <• 3 5 £ 3 
(the derivative having a tentative formulation only). 
The c r y s t a l s obtained from both the reaction with pure HS0,C1, and 
3 
i n l i q u i d SO^, appeared chemically i d e n t i c a l , (based on the UV and v i s i b l e 
spectra, which v/as the main method of i d e n t i f i c a t i o n used), but the former 
c r y s t a l s were more suitable for the x-ray work, since many were single c r y s t a l s , 
422 
whereas i n the l a t t e r case, they were complex or twinned. This v/as probably 
due to the different methods of c r y s t a l l i s a t i o n . Liquid SO^ i s a good solvent 
for washing the c r y s t a l s free of excess HSO^Cl. A small quantity of powdered 
material was observed on the surface of the c r y s t a l s , but t h i s did not 
422 
s e r i o u s l y a f f e c t the x-ray a n a l y s i s . 
3. Crystal Structure of the S,N2C1/HS0,C1 Derivative 
The c r y s t a l structure of the S^NgCl/HSO^Cl derivative was obtained by 
423 
I . Rayment and H.M.M. Shearer (Durham) on a single c r y s t a l of the compound. 
Despite the d i f f i c u l t i e s i n preparation, handling, and possible impurities 
on the c r y s t a l i t s e l f , good x-ray d i f f r a c t i o n patterns were obtained, since 
422 
s u l f u r i n both the anion and cation, gave a large number of r e f l e c t i o n s , so 
that the anion was not wholly unsuitable. 
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423 
The c r y s t a l s were t r i c l i n i c with unit c e l l dimensions: a = 7.689, 
b = 10.726, c = 6.614 A, OC = 101.00°, = I14.43 0, 1? = 90.35°, space group 
P i , with N = 2. The i n t e n s i t y data were collected on a four c i r c l e 
diffractometer using Z r - f i l t e r e d Mo radiation to a l i m i t of 0 = 25°. A t o t a l 
of 1707 r e f l e c t i o n s were recorded and of these 1337 r e f l e c t i o n s were considered 
to be observed having fiet counts ^ 3 esd's. The structure was solved using 
the Patterson function and refined by f u l l matrix l e a s t squares methods. 
422 425 
The f i n a l R-value was 0.031 for the observed r e f l e c t i o n s . , H J 
The structure consists of two planar f i v e membered S^Ng rings i n 
p a r a l l e l planes i n which the S-S distance (2.145 A) and the mean SN distance 
(1.587 A) are the same as i n S^NgClgi^ -^ which i s a 7^ delocalised SN ring. 
o o 
There are, however, two d i s t i n c t SN distances (mean values 1.5&9 A and 1.605 k), 
o The S,N_ rings which l i e i n p a r a l l e l planes 2.884 A apart are separated from 3 d 
o 
each other by S-S distances of 3.027 A, which i s shorter than the Van der Waal's 
o 140 
diameter for sulfur ^ca. 3.70 A) and i s i n the same region as found for 
cross r i n g interactions i n Sg^ +, •^1,103,193 w n e r e the short cross-ring 
distances were interpreted as r e s u l t i n g from multicentre bonding. 
Each rin g i s c l o s e l y associated with a ClSgO^ ion. (Therefore the 
anion i s CISgOg (chlorodisulfatej and not CISO^ (chlorosulfonatej as had 
been expected). 
The isolated S-N„ rings are of CL symmetry within the l i m i t s of 3 c. 2V 
experimental error, and p a i r s of S^Ng rings are related to each other by a 
centre of symmetry. (Figure 7.1) 
I n the anion C1S0 »0«S0,~, the SO bridge distances are 1.552 and 3 3 
1.718 A, the shorter distance involves the sulfur atom attached to chlorine. 
The terminal S 0 distances l i e between 1.396 and 1.438 X, and the S Gl distance i s 
o 
1.986 A. A l l the terminal oxygen atoms approach cl o s e l y ( i n the range 2.68 -
o 
3.04 A) the sulfur atoms of the cations (Figure 7«l) which i s within the sum 
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ca. 3*25 A 
indicating interaction "betv/een these atoms. 
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Figure 7.1 
ScN,(So0cCl) 
119° 
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0 
0 
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-221-
4. Discussion of Structure 
The compound may be formulated either as S,N0S0C>C1, or as (S,N_ +). 
3 d d b yd d 
2 SgOgCl", emphasising the interaction that e x i s t s between p a i r s of S^N^ 
2+ 
rings. However, theories that S,N CI may contain the S^N, cation and be 
j c o 4 
2+ Q 113 
SgN^ 2 CI , are now unlikely since S^N^Cl probably has a s i m i l a r 
structure to the chlorodisulfate derivative. (See l a t e r discussion). The 
2+ 
SgN^ cation, i f c y c l i c and planar, would be another member of the "electron-
r i c h aromatic" s e r i e s , being a 14TV electron system. 
The formation of the SgOgCl" anion, rather than the SO^Cl" ion i s 
understandable when one considers that i t i s formed merely by the addition 
of S0 2 to S O ^ C l " , 4 2 4 and that HS0,C1 (equivalent to S0 2 + HCl) loses HC1 on 3 3 3 j 382 
heating;^ (the chlorodisulfate i s presumably l e s s soluble than the 
chlorosulfate i n chlorosulfonic a c i d ) . I t i s the f i r s t time that the c r y s t a l 
structure of t h i s anion has been reported. The interaction of anion and 
cation i s c h a r a c t e r i s t i c of several other sulfur-nitrogen compounds. For 
example, i n the case of the compounds: R-CNgSg^l" (R = Bu*, C C l ^ , Ph) which 
consist of a f i v e membered CNgSg ring, with an exocyclic R group on carbon 
and carrying a positive charge, there i s considerable interaction between the 
chloride ion and the two s u l f u r atoms (S-Cl distance =2-87 A ) forming almost 
a three centre b o n d . 4 ^ * 4 ^ (Figure 7.2) 
R-C; 
1-31 A 
N 
1-605A 
Figure 7.2 
-s 
+ 
N— 
1-99 A :ci 
s 2-87 A RCN^CL 
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The structure of the S^N^ cation i s p a r t i c u l a r l y i n t e r e s t i n g : 
Because charges must balance, must carry a single net positive 
charge, i . e . S^Ng*. Since the cation i s planar and stable, i t i s reasonable 
to assume that there i s considerable aromatic 7V -bonding, of the type already 
observed for electron-rich aromatic species such as S.N,"1" and Se.Nr+, which 
4 3 5 5 
are also almost planar. S^N^*, as formulated, however, has 7TT electrons, 
and therefore to achieve an aromatic 6TT system, a further electron has to be 
l o s t from the ring. This could be done, by pairin g t h i s odd electron with 
the corresponding odd electron of an adjacent S^N 2 + ring, to form a four 
atom-two electron bond between the two pairs of adjacent s u l f u r atoms of the 
rings. Therefore, the observed structure consisting of two planar, interacting 
rings, may be due to the formation of such a bond between them. Although 
su l f u r - s u l f u r interactions are f a i r l y common i n sulfur-nitrogen chemistry, 
between sulfur atoms not bonded by a common 6"-bond, they are usually lone-
p a i r type interactions, and t h i s would be a unique example of an interaction 
involving sulfur atoms i n adjacent r i n g systems, and using electrons eliminated 
from these rings, on t h e i r achieving an aromatic (6T\) electronic structure. 
(See Figure 7-3). 
Alternatively, the odd electron i n each r i n g may remain unpaired rather 
than take part i n multicentre bonding and i n t h i s case the close approach of 
the rings may merely be due to c r y s t a l packing. One obvious way to determine 
which of these two possible electronic structures i s correct, would be to 
determine whether the c r y s t a l was diamagnetic or paramagnetic; diamagnetism 
would indicate that a l l the electrons are paired, and hence implying the 
former electronic structure, whereas paramagnetism would show the presence 
of unpaired electrons and would support the l a t t e r electronic structure. 
422 
Magnetic moment measurements on S,N_C1 show that i t i s diamagnetic, and 
3 
t h i s i s therefore strong evidence for the former structure being correct, 
( i . e . Two aromatic 6l\ S^N^ rings, with four centre, two electron bonding 
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between pairs of r i n g s ) . Although i t i s possible that S,N CI and S,N 0S 0CvCl 
j d 5 d d o 
may have different structures, the following physical and chemical properties 
of SjN^Cl and S^NgS^OgCl suggest that they are of s i m i l a r structure: 
( i ) Both compounds have an e s s e n t i a l l y i d e n t i c a l electronic spectrum 
when dissolved i n concentrated s u l f u r i c acid, suggesting that the same cation 
2+ 
i s present i n both compounds ( i . e . S^N^ ) . The fact that an electronic 
spectrum i s observed i n the region studied (200 to 700 nm) means the existence 
of low l y i n g vacant electronic o r b i t a l s , which i n turn suggests 7T 7 
electronic transitions and hence 7Y-bonding. 
( i i ) S^N^Cl i s insoluble or reacts with most solvents so f a r used (except 
422 
IfegSO i n which i t i s fre e l y soluble, and l i q u i d SOg i n which i t i s only 
s l i g h t l y soluble). I t i s also i n v o l a t i l e i n not having a melting point but 
o o 249 
decomposing i n vacuo at 120 to 140 . These properties suggest either an 
ionic or a polymeric structure, and i t i s possible that, i n S^NgCl i t s e l f , the 
S,N0 rings are interacting v i a multi-centre bonds i n groups greater than two, 3 * 
and that the rings may be i n "ladder formation" with the multi-centre bonding 
holding them together. (Figure 7«5^ smaller s i z e of the CI ion compared 
to the SgOgCl ion would help the rings to come closer together and i t i s 
probable that the CI ions are c l o s e l y associated with the S^N^ rings with 
sulfur-chlorine interactions. 
( i i i ) Chlorine NQR measurements indicate that the chlorine i n S^N^Cl i s 
io n i c . ' 
( i v ) S,N_C10 and S,N0C1 are e a s i l y interconvertible and also S,N„C1 i s 5 ' ' ) <: 3 * 
e a s i l y converted into the S-O^Cl derivative, (Figure 1.^) and since S,N_C1„ 
t o 3 2 2 
and S^N^SgOgCl consist of a f i v e membered S^N2 rings, i t i s reasonable to 
189 
suggest that S ^ ^ C l does also. 
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(v) The SgOgCl" derivative i s e a s i l y made from S^NgCl and HSO^Cl, and by 
272 
analogy with s i m i l a r reactions of S^N^Cl, t h i s can be regarded as displacement 
of the chloride ion i n S^NgCl, by the SO^Cl - anion, evolving HC1, the SgOgCl" 
anion being subsequently formed by interaction with further HS0,C1. 
3 
i . e . ( i ) S ZN 0C1 + HSCLC1 > S 2N 0 S0 3C1 + HC1 
3 * 3 3 * 3 
( i i ) S^Ng SO^Cl + HS05C1 > S j N ^ O g C l + HC1 
(HSO^Cl also loses HC1 on he a t i n g ^ 8 2 ) 
This again implies that the S^ N,, ring remains i n t a c t throughout the 
reactions. 
( v i ) SjNgClg and S^N^Cl show close s i m i l a r i t i e s i n t h e i r infrared spectra, 
indicating s i m i l a r i t i e s i n structure (see spectra i n Appendix). 
The SgOgCl (chlorodisulfate) anion, has only been known since 1962 
424 
when i t was observed i n solutions of SO i n chlorosulfonic acid. A l k a l i 
3 
metal, aluminium, ammonium, and substituted ammonium s a l t s of S^O^Cl and 
related anions, have been prepared, using S0 2 as solvent under vigorously 
425 
anhydrous conditions. Na S o0-Cl has been prepared from NaCl, S0 o and SO, 
CO * 5 
as a white c r y s t a l l i n e hygroscopic s o l i d and other metal chlorodisulfates by 
the action of thionyl chloride on metal sulfates and di s u l f a t e s . 
The decomposition reactions of Na SgOgCl to form mainly Na SO^Cl and 
S0_ and i t s reactions with NaNO,, N„0. and water to form Na S o0„, Na N0S o0„ and i 3 * 4 £ { i \ 
427 
Na HSgO^ respectively, have been studied, as have the reactions of the 
— 2— 428 2 _ 
SgOgCl anion as an 0 donor or acceptor. With an 0 donor, SgOgCl reacts: 
S 2 0 6 C l " + 0 2" > S2°7 2" + C 1 " 
2-
and with a strong 0 acceptor, i n the presence of SO^: 
S 2 0 6 C l " > S 2 ° 5 C 1 + * ° 
2-
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- 427 The SgOgCl anion contains an S-O-S bridge as shown by i t s chemical 
properties. The c h a r a c t e r i s t i c vibrational frequencies of the SgO^Cl anion 
have been assigned.429»430 
The c r y s t a l structure of the anion shows that t h i s oxygen bridge i s 
assymmetric. The bridge S-0 distance involving the su l f u r atom attached to 
oxygen only, i s also unusual, being remarkably long (1.718 A). I t i s a rare 
example of an SO bond longer than the "single bond" distance calculated from 
either P auling*s covalent r a d i i (1.70 X) 4 5 1 or from the Schomaker-Stevenson 
rule (I . 6 9 A ) . 4 5 ^ The other S-0 bridge distance (1.552 X) can be compared with 
that i n HO-SO^" (I . 5 6 X i n KHSO^ 5 5) and CH^O-SO^" (1.58 X)454. The terminal 
o 2— SO distances (l.396-I.438 A) are close to those i n the di s u l f a t e ion SgO^ 
(mean SO = 1.437 i ) . 4 ^ The SCI distance (1.986 X) i s s i m i l a r to those i n 
S 2C1 2 (1.99 A ) 4 5 6 and SOgClg (2.011 X),457 so that these l a s t bond distances 
are normal for the types of bonds involved. 
The SgOgCl anion i s cl o s e l y packed around the S^N^ cation with the 
chlorine atom i n the same plane as the S^N^ ring, and several of the oxygen 
atoms s u f f i c i e n t l y close to the su l f u r atoms of the ring, for interactions to 
occur. 
S^NgS^OgCl i s the f i r s t derivative of S^NgCl to have been prepared 
and characterised and i t i s also the f i r s t time that the structure of the 
SgOgCl anion has been determined by x-ray d i f f r a c t i o n and the f i r s t time 
that t h i s anion has been paired with a cation other than a metal, ammonium 
or substituted ammonium. This i s p a r t i c u l a r l y unusual, since the cation S^Ng 
was previously unknown. 
Another important aspect of the x-ray r e s u l t s i s that i t indicates 
that other l,2-ditK\olium cations could l i n k up through multicentre bonds. 
2+ 
The SgN^ cation may be the 
of the t y p e : 1 1 5 (Figure 7.6) 
The SJN cation may be the archetype for a whole s e r i e s of new compounds, b 4 
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CHAPTER 8 
Work Carried out at Staveley Chemicals Limited 
(A) Introduction 
As part of the research (CAPS) award, three months between the 3rd July 
and 29th September, 1972, were spent i n full-time employment at Staveley 
Chemicals Limited. The work undertaken was an investigation into the mercury 
emission on the Chlor-Alkali Plant and included recommendations of methods of 
reducing mercury losses. 
The following section i s a summary of the work carr i e d out on the 
plant during t h i s period. The r e s u l t s obtained formed the basis of the 
Staveley Chemicals Limited reply to the questionnaire on mercury emission 
issued by the Bureau International Technique du Chlore to i t s member companies, 
and also constituted an i n t e r n a l report to Staveley Chemicals Limited. 
The Chlor-Aikali Plant produces caustic soda, chlorine and hydrogen 
from the e l e c t r o l y s i s of brine, using a moving mercury cathode (Hoechst-Uhde 
mercury c e l l ) . The project was concerned with the losses of t h i s mercury to 
438,439 
the environment i n various forms. ' 
The r e s u l t s obtained showed that the mercury l o s t i n the products 
(chlorine, sodium hydroxide and hydrogen), the brine solution and the c e l l 
i t s e l f , was approximately a quarter of the t o t a l loss of the plant. A s i m i l a r 
quantity of mercury was recovered from catchpots within the c e l l room. Small 
quantities of mercury (3-4% of t o t a l l o s s ) were found i n the effluent from the 
plant. I t was estimated that the major mercury emission arose from mechanical 
losses associated with s p i l l a g e s , etc. i n the plant. 
-229-
(B) Experimental 
The mercury losses were determined experimentally using various 
techniques according to the nature of the material under examination. These 
were t y p i f i e d by: 
1. A i r Sampling 
Air was sampled for mercury content by passing i t through a Hendry 
Relay meter. The metal concentration was continuously determined through i t s 
absorption i n the u l t r a v i o l e t and d i r e c t l y recorded on a d i a l . This relay 
meter would not function i n the presence of large quantities of water vapour, 
(e.g. i n the brine saturation p i t ) , and for such determinations other methods 
had to be used. 
2. Hydrogen Sampling 
The hydrogen produced by the c e l l contains mercury vapour, most of 
which i s retrieved i n catchpots situated i n the hydrogen l i n e and returned to 
the c e l l s . The amount of mercury remaining i n the product hydrogen was 
determined by passage of the gas through a c i d i f i e d potassium permanganate 
solution. The mercury content of the l a t t e r solution was determined by atomic 
absorption spectrophotometry. After passing through the potassium permanganate 
solution the gas was dried using concentrated s u l f u r i c acid and the volume 
measured using a flow meter. (The flow meter required dry gas for r e l i a b l e 
readings). 
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3. Sodium Hydroxide Sampling 
The sodium hydroxide produced i n the c e l l runs over the surface of 
hot mercury agitated by hydrogen evolution, and therefore contains some 
dissolved and suspended mercury. Some of t h i s mercury i s trapped out i n 
catchpots, but the remainder contaminates the product. The mercury content 
of t h i s product sodium hydroxide solution was determined using atomic 
absorption spectrophotometry. 
4. Chlorine Sampling 
The chlorine gas was i n i t i a l l y passed through a chlorine flow meter, 
and then through two Dreschel bottles containing sodium hydroxide solution. 
The chlorine was absorbed and the solution analysed as before for mercury 
content. 
5. Sampling i n Brine Saturation P i t 
The method used was s i m i l a r to that used for the sampling on the 
hydrogen l i n e , since the Hendry relay meter could not be used. The apparatus 
was set up at various points i n and around the brine saturation p i t and a known 
volume of a i r was pulled, by use of a calibrated aspirator, through a series of 
three Dreschel bottles containing a c i d i f i e d potassium permanganate solution. 
The mercury content of the r e s u l t i n g permanganate solution was determined as 
previously indicated. 
6. Brine Sampling 
Samples of brine were taken at various points along the brine c i r c u i t , 
and t h e i r mercury content determined by atomic absorption spectrophotometry. 
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7. Graphite Anode Sampling 
The graphite anodes tend to absorb mercury from the c e l l although they 
are not i n d i r e c t contact with the metal. The anodes gradually wear away, 
through the action of e l e c t r o l y s i s and the r e s u l t i n g graphite p a r t i c l e s are 
f i l t e r e d off i n the brine f i l t r a t i o n tanks. The mercury content from t h i s 
and other sources i n the brine f i l t e r residues were estimated by allowing the 
f i l t e r residues to form a homogeneous suspension with the water i n the tank 
(a suspension was obtained by agitation using compressed a i r ) and then scooping 
out a sample. The mercury content of t h i s sample, a f t e r addition of potassium 
permanganate solution was determined by atomic absorption spectrophotometry. 
The used graphite anodes themselves v/ere also sampled for mercury 
content. 
8. Waste Water Sampling 
The waste water effluent from the plant, before treatment, was sampled 
at hourly intervals on various days, the mercury content again being estimated 
by atomic absorption spectrophotometry. 
9. Accidental Losses 
Various catchpots on the plant are used to recover mercury either 
l o s t by accidental s p i l l a g e or contained i n the crude product l i n e s . The 
mercury i n these pots was recovered and weighed, and the losses through 
accidental spillages estimated. The mercury recovered can be re-used a f t e r 
p u r i f i c a t i o n . The losses of mercury through waste scrap were also estimated. 
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(C) Results 
The mercury losses from products, brine, graphite anodes and a i r , 
accounted for approximately a quarter of the t o t a l loss of the plant, whereas 
the ma.ior source of mercury emission arose from mechanical losses associated 
with s p i l l a g e s , etc., i n the plant, and accounted for a l i t t l e over h a l f the 
t o t a l loss of mercury. 
The losses of mercury through waste effluent were estimated to be 
between three and four per cent of the to t a l mercury l o s s . This r e s u l t was 
rather lower than expected, and may be due to sampling errors, d i l u t i o n e f f e c t s , 
or from the fact that the average flow rate of waste water from the plant was 
an estimate, and not an absolute determination. 
The remaining mercury loss (the difference between known usage and 
mercury losses which were experimentally determined as above) amounted to 
about 16% of the t o t a l l o s s . I t i s believed that t h i s discrepancy can be 
accounted for by: 
( i ) Errors i n estimating mercury losses from the various sources, 
p a r t i c u l a r l y those r e l a t i n g to mechanical los s e s , s p i l l a g e , etc. i n the 
plant, which are large, and very d i f f i c u l t to determine accurately, since 
the mercury i s l o s t i n the defects i n the building or i s trapped i n the piping 
and machinery of the plant, or becomes contaminated with o i l and dust and 
hence i s unrecognisable as the metal. 
( i i ) Unidentified losses not yet characterised. 
( i i i ) Random fluctuations on the plant increasing the error i n the 
determination of mercury losses, since r e s u l t s were averaged out on a weekly 
basis. 
-233-
( i v ) Total loss i s based on the "make-up" value. (Amount added to c e l l s 
to maintain t h e i r mercury content), rather than the mercury actually known 
to be l o s t . 
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(D) Concluaion 
I t was f e l t that the main sources of loss were i d e n t i f i e d , and the 
r e s u l t s obtained were v a l i d within the l i m i t s of the experimental methods 
which could be used. The ove r a l l r e s u l t s obtained were used both by Staveley 
Chemicals Limited i n th e i r reply to the questionnaire on mercury emission 
issued by the Bureau International Technique du Chlore to i t s member companies, 
and as an indication of areas i n which improvements could be made to decrease 
future mercury emissions on the plant. 
APPENDIX 
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CHAPTER 9 
APPENDIX 
(A) Spectra 
1. Infrared Spectra 
Some of the infrared spectra of compounds referred to i n t h i s thesis 
are reproduced here. A l l the spectra were recorded with samples i n the form 
of nujol mulls (apart from those of S^N CI, S ^ , (SN.CHgOH)^ and 
(SN.CH2OH)^,x SnCl^, which were made up as KBr d i s c s ) . The main absorptions 
of nujol being: 2900 ( v s ) , 2857 ( s h ) , 1471 ( s ) , 1389 ( s ) cm - 1. 3.45 ( v s ) , 
3.5 ( s h ) , 6.8 ( s ) , 7.2 ( s ) microns (yU ) . The wavelengths of the spectra 
are calibrated i n microns. (Microns and cm ^ are inversely proportional to 
each other: x microns = ^ / x c m / ) . 1 micron = 10 m^ = 10 ^ cm. 
Index of Infrared Spectra 
Page 
1. S.N2C1 4 3 236 
2. (NSC1) 3 236 
3. 4 4 
4. S 4(NH) 4 23b 
5. (SN.CH OH), 2 4 237 
6. (SN.CH20H)4,x S n C l 4 237 
7. S?NH 237 
8. S_NC1_ A1C1. 2 2 4 237 
9. (NSCl)^ + A1C1 5 + S e 2 C l 2 238 
10. SJlr A1C1. 5 5 4 
11. S 3N 2C1 238 
12. S 3N 2C1 2 238 
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2. U l t r a v i o l e t Spectra 
A l l spectra were recorded as described i n the experimental section 
and except for S^N^, the spectra were recorded using concentrated s u l f u r i c 
acid as the solvent. The spectra were recorded between the wavelengths 
190 to 700 nm, but i n every case there were no absorptions above 450 nm, so 
that t h i s part of the spectra was omitted. The v e r t i c a l (y) axis i s 
calibrated i n molar extinction c o e f f i c i e n t (g ) i n some cases, but i n others 
t h i s i s not possible due to the slow decomposition or sparing s o l u b i l i t y of 
the compound used. I n these cases absorbonce ( d i r e c t l y proportional to molar 
extinction c o e f f i c i e n t ) i s used. 
Index of U l t r a v i o l e t Spectra 
Page 
1. S 3N 2C1 2 Z4-0 
2. S 4N 5C1 ZkO 
3. S 2NC1 2 A1C1 4 2^0 
4. 4 4 
5. SJl,- A1C1. (fresh solution) 5 5 4 zw 
6. SCN._ A1C1, ( a f t e r two hours) 5 5 4 Z4-1 
7. S,N_C1 (fresh solution) 3 ' Z4-1 
8. S^NgCl ( a f t e r two hours) Z4-1 
240 
8 5 
0) 
8 in 
8 
8 i n c CM 
01 
8 CM 
eaueqjosqv ssueqjosqy 
8 i n 
O 
10 
I/) CM CM © i n m CO 
CM U 
CM 
U) 
CM 
2 8 I 
s 
8 8 
eaueqjocqv eaueqjocqy 
241 
in © CO
(A CO CM 
CM 
8 8 
CM 
00 if) 8 
V 
CM 
saueqjosqv mueqjosqv 
8 
0 in 
a' to CM 
CM 
8 
CI 
CM 
CO if) © in CM LO if) CO 
I 
8 
CM 
I I I I I in CM in CM 
Ol x J tuapiuoao uouatajxe JBOW 
-242-
3. Mass Spectra 
The mass spectra of many of the compounds prepared were recorded. 
Normally, the compounds had to be heated above t h e i r decomposition points to 
obtain a s u f f i c i e n t l y high vapour pressure- and so parent peaks are ci t h e r 
weak or absent. 
The peak due to SN + (mass = 46) was generally very strong, and i s 
132 
c h a r a c t e r i s t i c of sulfur-nitrogen compounds i n general, and so i n t e n s i t i e s 
were measured r e l a t i v e to SN = 100$. 
Peaks of intensi t y greater than 10% were recorded, unless they were 
known to be d e f i n i t e l y spurious, and peaks l e s s than 10% were ignored, unless 
t h e i r probable designation was known. The reason for t h i s was that spurious 
peaks are often caused by contamination of the probe by the residues of 
compounds from other workers, for instance, a peak of mass 69 (impossible for 
EC and S only) was often noted. This was due to CP^ fragments from the 
fluorocarbons of other workers, and was therefore ignored. I n general 
such peaks were l e s s than 10% of the intensi t y of the SN peak. 
A l l designations are for unipositive ions unless otherwise indicated. 
( i ) Electron r i c h aromatic r i n g s 
(a) SjNgClg 
Mass of Peak Designation Relative I n t e n s i t y 
32 S and 0 2 154 
35 5 5 C 1 21 
36 H 3 5C1 23 
37 5 7 C 1 9.0 
38 H 5 7C1 7.6 
46 SN 100 
48 ? 40 
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Mass of Peak 
62 
63 
64 
73 
80 
92 
124 
(b) S ^ C l * A1C1 
Mass of Peak 
32 
35 
36 
57 
38 
46 
48 
63 
64 
76 
78 
94 
113 
115 
140 
Designation Relative I n t e n s i t y 
N 2 + 
12 
9 10 
? 80 
, and s o 2 47 
27 
? 15 
S 2 N 2 87 
S 3 N2 1.3 
Designation Relative I n t e n s i t y 
S and 0 2 20 
3 5 C 1 45 
H 3 5 C1 236 
5 7 C 1 10 
H 5 7 C1 100 
SN 100 
? 75 
? 45 
S 2 and S 0 2 170 
S,N. 2 + ? 25 
3 4 
S 2N 38 
? 20 
SgNCl 3 5 36 
SgNCl 5 7 12 
? 45 
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(°) ^ C l 
Mass of Peak 
32 
35 
36 
37 
38 
44 
46 
64 
76 
78 
92 
124 
170 
(d) S.N,. A1C14 
Mass of Peak 
32 
35 
36 
37 
38 
46 
48 
62 
63 
64 
76 
Designation Relative I n t e n s i t y 
S and 0 2 50 
5 5C1 20 
H55C1 70 
37C1 5 
H57C1 25 
9 10 
SN 100 
and s o 2 30 
S N 2 + 
S3 4 ? 20 
S 2N 10 
S 2N 2 20 
S3 N2 10 
S4 N3 3 
Designation Relative I n t e n s i t y 
S and 0 2 95 
43 
H 5 5C1 195 
15 
H 5 7C1 70 
SN 100 
? 40 
2+ 
S,N„ + ? 20 3 2 
? 70 
s 2 ? , s o 2 40 
S 3 N 4 2 + ? 24 
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Mass of Peak 
78 
92 
124 
184 
230 
Designation 
S 2N 
S 2 N 2 » S 4 N 4 
S 3 N 2 ? 
S 4 N 4 
S 5 N 5 ? 
2+ 
Relative I n t e n s i t y 
30 
100 
5 
85 
28 
6.5 
(e) S rM FeCl, 
Mass of Peak Designation Relative I n t e n s i t y 
32 S and 0 2 15 
35 55 C i 8.5 
36 H 5 5C1 50 
37 3?ci 3.0 
38 H 5 7C1 17 
46 SN 100 
48 ? 10 
76 
S 3 N 4 2 + ? 15 
78 S 2N 26 
81 NS 5 5 C 1 10 
84 ? 20 
92 S 2 N 2 ' S 4 N 4 2 + ? 100 
124 S 3N 2 12 
138 ? 30 
140 ? 10 
184 S 4 N 4 7.5 
230 S 5N 5 7.5 
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( f ) S J L S b C l — — 
Mass of Peak 
32 
35 
36 
37 
38 
46 
76 
78 
81 
92 
121 
138 
184 
191 
193 
S ^ g C l 
: of Peak Designation 
32 S and 0 2 
35 55 Ci 
36 H55C1 
37 5 7C1 
38 H57C1 
46 SN 
62 S 7 N 5 2 + 3 2 
64 S 2 and S0 2 
78 S 2N 
92 S2 N2' S4 N4' 
Designation 
S and 0 2 
55 Ci 
H 5 5C1 
3 7C1 
H 5 7C1 
SN 
t 
S 2N 
NS55C1 ? 
S2 N2' S 4 N 4 2 + ? 
S.N. 
4 4 
9 
Relative I n t e n s i t y 
20 
27 
128 
9 
43 
100 
10 
10 
10 
50 
10 
20 
8 
65 
90 
Relative I n t e n s i t y 
225 
23 
155 
9 
54 
100 
30 
25 
25 
132 
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Mass of Peak Designation Relative Intensity 
124 S 5N 2 
( i i i ) (NSC1). 
Mass of Peak 
32 
35 
36 
37 
38 
46 
63 
64 
78 
81 
83 
92 
124 
138 
156 
Mass of Peak 
32 
46 
62 
78 
64 
76 
Designation 
S and 0 2 
35 CI 
H 5 5C1 
H 5 7C1 
SN 
•? 
s 0 ? SO, 
S 2N 
NS 5 5C1 
NS 5 7C1 
S 2N 2 
S 3N 2 
S 3 N 3 
Designation 
S and 0 2 
SN 
S 3 N 2 2 + ? 
S 2N 
s 2 ? , s o 2 
S,N.2+ ? 3 4 
Relative I n t e n s i t y 
35 
45 
330 
17 
110 
100 
15 
20 
28 
10 
3.5 
78 
16 
24 
10 
Relative I n t e n s i t y 
45 
100 
10 
30 
8 
32 
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Mass of Peak 
92 
124 
138 
184 
S J J C l J " S a l t s 
(a) S NC12 AlCl^ 
Mass of Peak 
32 
35 
36 
37 
38 
46 
64 
67 
69 
76 
102 
104 
123 
(b) S 2NCl 2_FeCl 
Mass of Peak 
32 
35 
36 
37 
Designation Relative I n t e n s i t y 
S 2N 2 126 
S 5N 2 26 
S,N, 120 3 3 
S 4 N 4 40 
Designation ' Relative I n t e n s i t y 
S and 0 2 286 
5 5C1 242 
H^5C1 2000 
5 7C1 100 
H 5 7C1 665 
SN 100 
S 2 ?, S0 2 230 
S C I 5 5 143 
S C I 5 7 57 
? 100 
? 110 
80 
60 
Designation Relative I n t e n s i t y 
S and 0 2 37 
5 5C1 60 
H 5 5C1 350 
37 CI 20 
-249-
Mass of Peak Designation Relative I n t e n s i t y 
38 H 5 7 C1 144 
46 SN 100 
48 ? 95 
63 ? 150 
64 s 2 ? , s o 2 160 
67 S 5 5 C 1 20 
69 S 5 7 C 1 8 
76 ? 45 
78 S 2N 10 
80 ? 20 
83 ? 22 
94 ? 32 
129. ? 130 
131 ? 60 
Sulfur Imides 
(a) S 4JM 4 
Mass of Peak Designation Relative I n t e n s i t y 
32 S and 0 2 16 
46 SN 100 
47 SNH 68 
48 ? 23 
62 SN 2H 2 81 
63 ? 55 
64 s 2 ? , s o 2 14 
78 S 2N 33 
80 ? 25 
92 S ^ 11 
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Mass of Peak 
93 
94 
110 
123 
125 
139 
186 
188 
(b) S NH 
Mass of Peak 
32 
36 
38 
46 
47 
64 
66 
78 
79 
92 
96 
128 
160 
192 
224 
256 
Designation Relative I n t e n s i t y 
S 2N 2H 10 
S 2N 2H 2 7 
? 20 
o 25 
40 
w 20 
54 
VA 12 
Designation Relative I n t e n s i t y 
S and 0 2 65 
? 90 
? 30 
SN 100 
SNH 40 
S 2 and S0 2 390 
? 40 
S 2N 39 
S2NH 35 
S 2 N 2 ? 40 
10 
V S 8 2 + ? 10 
S5 22 
S6 24 
S„ ? 7 5 
b 8 ' 3 
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(B) Mass Spectra, Discussion 
1. Electron Rich Aromatics 
The fragmentation patten of the electron r i c h aromatic compounds, 
gives SN + as the p r i n c i p a l fragment, SgNg* being the next must intense peak 
i n most cases. The remainder are also formed by simple ring fragmentation, 
although no peaks have been d e f i n i t e l y assigned to fragments with more 
nitrogen than sulfur. The parent peaks are weak f o r the S.N,+ and S C N C + 
4 3 0 J 
s a l t s , and are absent for the S,N„C1+ s a l t s , since the S,N_C1+ ring has l e s s 
3 * J * 
aromatic s t a b i l i s a t i o n energy than S.N,+ and S,-Nc , due to the non-planarity 
4 3 J J 
of the ring. Anion fragments are not observed, apart from C l + ( i d e n t i f i e d by 
isotopic r a t i o ) , but t h i s i s formed from hydrolysis of the anion by traces 
of moisture to HC1 (which i s observed as a very strong peak), which can then 
s p l i t to y i e l d CI, rather than being formed d i r e c t l y from the anion. This i s 
observed i n a l l chlorine-containing sulfur-nitrogen compounds. 
A few unidentified peaks were observed. Some were tentatively assigned, 
2+ 
e.g. mass 76 as S^N^ , which could be an eight-electron cage species, and 
2+ 
mass 62 as S N which, i f c y c l i c , could be a 6TT electron r i c h aromatic 3 2 
species. These factors would increase the s t a b i l i t y of these fragments, 
making them observable. A peak at mass 64 was observed for S^ W^  A l C l ^ . This 
could be Sg (and SO^) indicating the existence of the S-S interaction at the 
'top* of the heart-structure, although the peak was weak i n the S^ N,-+ spectra 
with other anions. 
Further peaks, including persistent peaks at masses 48 and 63 could 
not be assigned, and may be due to impurities on the probe. 
2. SJU31 -3-2^— 
The mass spectrum of S^NgCl i s consistent with i t s postulated structure 
( t h i s t h e s i s ) , the fragmentation patten corresponding to the breakdown of the 
five-membered S^Ng ring, the most prominent peaks being SN + and SgNg4" . 
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The peak assigned to S,N 2 + i s more intense than that assigned to S_,N-+ (which 
) d j 2 
i s t echnically the parent peak). This i s probably due, as previously noted, 
2+ 
to the aromatic character of the S_N„ ion. 
3 
3. (B3C1) 
The mass spectrum shows the fragmentation patten of an SN ring, with 
SN + and SgNg* being the p r i n c i p a l fragments. Chlorine-containing fragments are 
weak or absent, the only observed peaks being those due to NSC1, which are 
expected to be strong since (NSCl)^ dissociates into NSC1 i n the vapour phase. 
The electronegative chlorine, however, de s t a b i l i s e s the positive NSC1 ion, 
causing i t to s p l i t , y i e l d i n g NS +. The peaks at masses 63 and 156 are weak, 
and probably due to impurities on the probe. 
The mass spectrum of S^N^ i s consistent with i t s known structure, 
showing a l l combinations of S and N atoms (apart from S^N^) of the type £>xN 
(y = 1 to 4) where y = x o r x - l . Fragments with more nitrogen than sulfur 
2+ 
(apart from S^N^ , see below), are not observed. The peak at 64 i s assigned 
to Sg (and SOg) indicating transannular S-S interactions i n S^N^, and tentative 
2+ 2+ assignments are also made for S^N^ (mass 62) and S^N^ (mass 76). 
5. S„NC1„* S a l t s —<L——c • 
The SgNClg"1" ion y i e l d s SN and SCI as i d e n t i f i a b l e fragments, SgN being 
weak and the assignment therefore only tentative, however, the SN peak i s not 
p a r t i c u l a r l y strong, and t h i s inevitably means the inclusion i n the analysis of 
many other peaks (due to the "1096 rul e " , see Introduction) which could well be 
due to impurities and would have been ignored, had the SN peak been stronger. 
Anion fragments (other than CI) are not observed, although Glemser reports 
+ — 289 
aluminium containing anion fragments from SgNClg A l C l ^ . 
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6. Sulfur Imides 
The inclusion of hydrogen i n sulfur-nitrogen compounds causes the 
peaks to appear i n groups, separated by a unit mass (hydrogen atom) making 
them more e a s i l y i d e n t i f i e d . SN + i s the strongest peak i n S^(NH)^, the other 
peaks (apart from S^t) being of the form ( S N ) X (x = 1 to 3) with one or more 
hydrogen atoms. Some combinations are weak or absent, and several unassigned 
(and probably spurious) peaks are observed. A weak peak at mass 64 (Sg and SO^) 
i s also observed, indicating a rearrangement of the r i n g i n the ion i s i n g 
chamber. 
I n the case of S^NH, Sg + i s more abundant than SN +, due to the greater 
number of ways that c a n be formed, and the whole s e r i e s , from Sg to S^ (and 
possibly S_) was i d e n t i f i e d . 
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